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we can start and stop almost anything | 


When it comes to stopping modern high speed aircraft people in the Industry almost auto- 
matically think of B.B.A., because MINTEX brake linings are used on practically all British 
Aircraft. This supremacy, in the most exacting field of all, is the result of years of research 
and experimental work, the benefits of which are applied to the manufacture of all BBA, 


friction materials. No wonder they say — ‘* When you've got to stop you can rely on MINTEX.” 


BRITISH BELTING AND ASBESTOS LIMITED 
CLECKHEATON, YORKSHIRE 
Spinners, weavers and manufacturers of Asbestos Yarns, Cloths, Tapes, 


Packings and Jointings. Manufacturers of Machinery Belting for Industry; 
Manufacturers of mintex brake and clutch linings and other friction materials. 


CL 


= 
Bs 
3 
A _— 
; 
ll 


SELECTED FOR THE SINGLE EXHIBIT 
REPRESENTING AN OUTSTANDING 

BRITISH RESEARCH ACHIEVEMENT IN 
THE NON-FERROUS METALS INDUSTRY 


“ 

inca ”” magnesium casting alloys containing zirconium and rare earth metals, highly resistant to creep 
at elevated temperatures, under service conditions up to 250°C., have been selected for the single exhibit repre- 
senting an outstanding British research and development achievement in the non-ferrous metals industry. The 
results of this research made available to the aircraft industry, at a critical phase in the development of jet and 
propeller turbine engines, ultra-light alloys possessing remarkably improved properties at the high running 
temperatures of modern engines, thus solving one of the designer’s main problems and helping British aero engine 
constructors to achieve a leading position in the aircraft turbine engine field. Britain pioneered these alloys 


and they are now being cast under licence in the U.S.A., Canada, Australia, Sweden, Switzerland and Holland. 


CLIFTON JUNCTION, MANCHESTER - LONDON OFFICE: BATH HOUSE, 82 PICCADILLY, W.1 
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and placing in true perspective 
the significance of current aeronautical 
developments, THE AEROPLANE 
provides a weekly source of reliable 
information and sound comment on 
World Aviation. 


EVERY FRIDAY 
ONE SHILLING 


TEMPLE 
BOWLING GREEN LANE, LONDON, E.C. TERMINUS 3636 pres: 
THE MOTOR : THE COMMERCIAL MOTOR . CYCLING . PLASTICS . THE OVERSEAS ENGINEER 
THE AEROPLANE : THE MOTOR SHIP . THE LIGHT CAR . THE MOTOR BOAT AND YACHTING 
LIGHT METALS : FARM MECHANIZATION MOTOR CYCLING . THE OIL ENGINE AND GAS TURBINE 
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TEMPLE PRESS LIMITED 


BOWLING GREEN LANE, 


THE COMMERCIAL MOTOR 


FARM MECHANIZATION 


... and placing in true perspective 
the significance of current aeronautical 
developments, THE AEROPLANE 
provides a weekly source of reliable 
information and sound comment on 
World Aviation. 
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The Percival P.56 ‘“*Provost’’ trainer 


with the Alvis Leonides Engine 


LEONIDES 


ALVIS LIMITED, COVENTRY, ENGLAND 
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Linking England 
with sixteen Countries... 
AUSTRALIA’S INTERNATIONAL AIRLINE 


In meeting today’s requirements of trade and travel by air to the 

East, Australia, and the Pacific, Qantas provides a valuable international 
service—qualified by the experience of 30 years. Services covering over 
30,000 miles of unduplicated air routes include—London-Sydney 

via Rome, Cairo, Karachi, Calcutta (alternatively via Bombay and 
Colombo), Singapore, Darwin, Sydney—in parallel with B.O.A.C. 


Sydney-Hong Kong, via Labuan (North Borneo) « Sydney-Tokyo, via 
Manila + Sydney-New Guinea, New Britain and Solomon Islands, via 
North Queensland airports + Sydney-Pacific Islands, including 
Norfolk Island, Noumea and Suva « Sydney-Auckland and Sydney- 
Wellington (by TEAL) linking with the London-Sydney Service. 
Full details from travel agents. 


QANTAS EMPIRE AIRWAYS 


in association with British Overseas 
Airways Corporation and Tasman Empire 
Airways Limited 
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HAWKER 
SIDDELEY 


y Within the framework of 


this great organisation each 


individual company operates 

as a completely separate entity, 
controlling its own affairs en- 
tirely—but by pooling its experi- 
ence and resources, each company 
has behind it the combined strength 


of the Group — unmatched facilities 
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\\ 
> ARMSTRONG SIDDELEY MOTORS LTD 

SIR W.G. ARMSTRONG WHITWORTH AIRCRAFT LTD 
GLOSTER AIRCRAFT CO. LTD A. W. HAWKSLEY LTD 


Va AWKE RAPT LTD * GH DUTY ALLOYS LTD 
HAWKER AIRCRAFT LTI HIGH Y ALLOYS L 
A.V. ROE & CO.LTD A.V. ROE CANADA LTD 
AIR SERVICE TRAINING LTD 


The Hawker Siddeley Group Id. 18 St. James’s Square, S.W.1. Telephone: Whitehall 2064. 
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Electric Eq uipmeént for Aircraft 


With unrivalled manufacturing resources, backed by continual X X 
fesearch and development and fifty-three years’ experience, 


BTH enjoys an enviable reputation for the quality of its X ; 
products. Reliability is of prime importance on land, but is a 


vital in the air, hence the success of BTH aircraft magnetos, 
and electrical equipment including : - 


° Motor-generating sets with electronic regulators - A.C. and D.C. Motors - 
Actuators - Gas-operated turbo-starters - Generators - Mazda lamps, etc. 


THE BRITISH THOMSON-HOUSTON €0., LTD., COVENTRY, ENGLAND 
Member of the AEI group of 


The 11.00 plane from Nairobi... i 


owes much to 


REGO. TRADE MARK EASTLEIGH SEA LEVEL 


The world of aeronautics owes much to James Booth & 
Co. Ltd., manufacturers of * Duralumin’, who pioneered 
the use of strong, light aluminium alloys in this country. sic si enact 
Today, aircraft—such as the Handley Page Hermes— 


that keep Britain’s reputation high on the air routes of 


the world,eontinue to make use of *‘Duralumin’. 


JAMES BOOTH & COMPANY LIMITED: ARGYLE STREET WORKS: BIRMINGHAM 7 
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“ The first number is impeccably edited, the mathematics are well set out, the 
- Editorial Board has selected its seven papers wisely.” 
—THE APPLIED MECHANICS JOURNAL of the U.S.A. 


VOLUME III 


Paper shortage has forced the printing of a limited edition 


Subscription rates - - - - - - £2 Is. Od. post free 
Special Price to members of the Society - £1 Ils. Od. post free 
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Six types of aircraft seating may be 
inspected at our Stand No. 34 Grande 
Nef at the International Aeronautical 
show in Paris. The seat illustrated is 
the Mark 33, a fully reclining single chair 
’ for long-range luxury aircraft. It incor- 
porates the well-known B.O.A.C. adjust- 
ment principle, and can be fitted with 
tables and other accessories. 


The passenger controls the angle of recline by two 
handles on the front armrest: 21 intermediate 
positions are locked between fully upright and 
fully reclined. 

Other exhibits include the latest range of 
aircraft fuel accessories, including the 
*R’ and ‘P’ type Cocks; non-return 
Valves and Air Governor 
valves are also on show. 
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VICKERS-ARMSTRONGS LIMITED, AIRCRAFT DIVISION, WEYBRIDGE, SURREY 
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(Right) Type S.2. (2 Pole 25 Amp.) 
with weatherproof moulded cover. 
(Below) Type S.3. with cover 
removed. 4 Pole 10 Amp. x 
changeover. 


LOW-VOLTAGE 
HEAVY-DUTY RELAYs_ 


Fully approved for 12 or 24 V.D.C. 
Compact, robust, light in weight, 
Consumption is less than five watts, 
These changeover relays are 

adaptable for operation under 
many varied conditions. 


See our Exhibit 
STAND No. 67 


British Instrument Industries Exhibition 


Olympia — July 4th-14th 


R. B. PULLIN & CO LTD. PHOENIX WORKS, GT. WEST RD. BRENTFORD, MIDDX. P ll L LI N 


For further details write to the manufacturers: 
15747B Tel.: EAL 0011/3 3661/3 


contributions 
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MAREX? 


The new LIGHT WEIGHT LIGHT ALLOY 
FLEXIBLE FUEL TANK HEAT EXCHANGERS 

of SYNTHETIC RUBBER COOLERS, INTERCOOLERS 
and NYLON FABRIC. RADIATORS, ete., ete. 


Fullest co-operation and advice from our Development Departments 


MARSTON EXCELSIOR LTD 


(A subsidiary company of Imperial Chemical Industries Ltd.) 
WOLVERHAMPTON (TEL. FORDHOUSES 2181) AND LEEDS 
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1837-1951 


EXPERIENCE & DEVELOPMENT 
IN HIGHEST QUALITY STEELS 
Sees for High Duty, Firth OF ALL GRADES 


Brown’s contribution to in- 
dustry is world wide, whether 
it be steels for engineering, 
shipbuilding, automobile, air- 
craft, road and rail trans- 
port or for the most minute 
mechanisms of the precision 
engineering industries. Firth 
Brown Steels were used in 
the production of the main 
propelling machinery forg- 
ings on the Caronia. 


LIST OF PRODUCTS 
Forgings—Light and Heavy 
for special general 
engineering. 
Forged Steel Drums and 
Pressure Vessels. 


Hardened Steel Rolls. 


Carbon and Alloy Steel Bars 
and Billets. 


Tyres and_ Laminated 
Springs. 


High Speed and Tool and 
Die Steels. 


Steel Castings. 


Write for the Firth Brown 
Buyers’ Guide for further 
particulars. 


THOS. FIRTH & & JOHN 6 BROWN LTD, SHEFFIELD 
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the REC. 


COMPLETE AIRPORT 
ELECTRIFICATION 


z 


ZA 100 High intensity flush 
runway light. 


B ZA 405 High intensity centre 
line approach light. 


C ZA 407 Sodium approach 


light. 
Three examples of G.E.C. Airport Lighting equipment designed bo 
for use in bad visibility; the diagram showing how they are = 


incorporated in a “Line and Bar approach’’ landing system. 


THE 


GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON W.C.2 
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In 30 years “Bristol” piston engines 
have built up a tradition of reliability 
and efficiency, which is being worthily 
upheld by sleeve-valve engines in world- 
wide service today. Concurrently with 
continued development of the Hercules 
and Centaurus, experience is being 
gained, on the test-bench and 
in service, with a range of 
gas turbines which will 
sustain and enhance the high 
reputation of “ Bristol” 

aero engines. 


Theseus Propetter Turbines 


COMPANY LIMITED ENGLAND 


AIRSPEED AMBASSADOR — 2 Centaurus Engines 
3 == 
# 
: BREDA-ZAPPATA 308 — 4 Centourus Engines 
SHORT SOLENT — 4 Hercufes Engines 
| a 
: : 
VICKERS VIKING — 2 Hercules Engines 
4 
XV 


‘Perspex’ acrylic sheet meets the exact- | 
ing requirements of the aircraft industry 


SEE OUR EXHIBIT AT THE BRITISH PLASTICS EXHIBITION 
OLYMPIA, STAND NO. A.27. 6th—16th JUNE. 


‘Perspex’ is the registered trede mark of the acrylic sheet manufactured by 1.C.1 


IMPERIAL CHEMICAL INDUSTRIES LTD LONDON SWI. 
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GREAT BRITAIN * USA * SPAIN 

PORTUGAL * ITALY* SWITZERLAND 

Consult’ your Travel Agent or BERMUDA * NASSAU * CANADA 

B.O.A.C: Airways Terminal, WEST INDIES * SOUTH AMERICA 

Victoria, S.W.1 (VICtoria 2323) or MIDDLE EAST + WEST AFRICA* EAST 

Regent St., W.1 (MAY fair 6611) AFRICA + SOUTH AFRICA PAKISTAN 
INDIA + CEYLON + AUSTRALIA + NEW 
ZEALAND + FAR EAST + JAPAN 
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BRIfISH’ OVERSEAS AIRWAYS CORPORATION IN ASSOCIATION WITH QANTAS EMPIRE | that 
AIRWAYS LIMITED, SOUTH AFRICAN AIRWAYS AND TASMAN EMPIRE AIRWAYS LIMITED 
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THE ROYAL AERONAUTICAL SOCIETY 


PAPERS FOR THE JOURNAL 


The Council have set aside an annual sum of £250 for the award of premiums for papers 
published in the JouRNAL. Both members and non-members are invited to contribute 
original papers on their own special subjects. The following notes on the preparation of 
papers for the JOURNAL are given to assist contributors : — 


COPY RIGHT 

The copyright of every paper printed in the JoURNAL shall be the property of The 
Royal Aeronautical Society. If the author makes use of copyright material in his paper or 
information obtained by reason of his employment or otherwise, he must state clearly in his 
covering letter, or in the paper, that consent has been given for the use of such material. 
MANUSCRIPTS 

Papers must be in English, in the third person, and typed on one side of the paper 
only, with double spacing and wide margins. When submitted they must be in their final 
form for publication. Only typographical errors may be corrected in proofs. Titles of 
papers should be brief. 

Where practicable, a summary of not more than 250 words should be given at the 
beginning of the paper, giving its scope and conclusions. 

All references should be numbered in the text where they occur, and the complete list of 


_ references given at the end of the manuscript. These references will be published at the 
_ end of the text. Footnotes should be numbered consecutively. Tables should be kept as 


~ 


concise as possible. 
ILLUSTRATIONS 

Illustrations must be drawn so that they will reduce to column or two-column width, 
that is to 23 or 54 inches. Full page illustrations must reduce to 54 inches by 8 inches. 
All drawings must be in black ink on white paper or tracing cloth. 

Lettering and figures on drawings must be in pencil only. Drawings should be posted 
flat or rolled. 

Photographs should not be less than half plate in size and must be clear black and 
white glossy prints. 

Every drawing and photograph should have on its back its figure number and title. 
MATHEMATICS 

Only very simple symbols and formule should be typewritten. All others should be 
written carefully by hand in ink. Ample space for marking should be allowed above and 
below all equations. Greek letters should be designated by name in the margin. 

The difference between capital and lower-case letters should be clearly shown; care 
should be taken to avoid confusion between zero (0) and the letter 0, between the numeral 
one (1) and the letter 1, between alpha and a, kappa and k, mu and u, nu and vy, eta and n. 

All subscripts and exponents should be clearly marked, and dots, bars, and so on, 
over letters should be avoided as far as possible. 

Square roots of complicated expressions should be written with the exponent 4} rather 
than with the sign y. 

Complicated exponents and subscripts should be avoided. Any complicated expression 


_ that recurs frequently should be represented by a special symbol. 


Unless an abbreviation is one recognised as standard practice, both in this and other 
English-speaking countries, for example b.h.p. for brake horse power, the meaning should 
be given in full on its first use. 
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WESTON 


INSTRUMENTS: 


No. 1. Temperature Measuring 


The comprehensive range of Weston temperature measuring 
instruments covers the requirements of existing production aircraft, 
as well as types now under development. In addition to 
thermometry for the indication of cylinder, air, oil and radiator 
temperatures, Weston equipment for aircraft includes instruments 
for supply, navigational aid instruments, selector switches, etc. 


OIL 


Model S. 127. Dual Ratiometer Indicator, com- 


Model S. 128. Dual Engine Temperature Indi- prising two 100° ratiometer movements housed 
cator, comprising two Millivoltmeters of 100° case. Re 
scale housed in large-size S.A.E. case. For use ton 


2 pressure transmitters, electrical position indi- 
in conjunction with copper/constantan, iron/ cators or any combination of two of these to 
constantan, or chrome/alumel thermocouples. indicate a variety of temperatures, pressures or 
positions 


SANGAMO WESTON LIMITED ° Enfield - Middlesex 


Tel.: Enfield 3434 (6 lines) and 1242 (4 lines). Grams: Sanwest, Enfield 
Scottish Factory: Port Glasgow - Renfrewshire - Scotland 


Branches: 
Glasgow, Manchester, Newcastle-on-Tyne, Leeds, Wolverhampton, Bristol, Southampton, Brighton, Liverpool, Nottingham. 
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THE SOCIETY’S AWARDS 


The Society offers a number of valuable awards, most of them 


annually. 


Full particulars of the conditions attaching to these 


awards may be obtained on application to the Secretary. 


Society’s Gold Medal 

The highest honour which the Society can 
confer for work of an outstanding nature in 
aeronautics. 


Society’s Silver Medal 
Awarded for work of an outstanding 
nature in aeronautics. 


Society’s Bronze Medal 
Awarded for work leading to advance in 
aeronautics. 


British Gold Medal for Practical Achieve- 
ment in Aeronautics 

Awarded for outstanding practical achieve- 

ment leading to advancement in aeronautics. 


British Silver Medal for Practical Achieve- 
ment in Aeronautics 
Awarded for practical achievement leading 
to advancement in aeronautics. 


Wakefield Gold Medal 

Awarded annually, at the discretion of the 
Council, to the designer or inventor of any 
apparatus tending towards safety in flying. 


The George Taylor (of Australia) Gold 
Medal 


Awarded annually, at the discretion of the 
Council, for the most valuable paper read 
during the previous session. 


Simms Gold Medal 

Awarded annually, at the discretion of the 
Council, for the most valuable contribution 
read before, or received by, the Society on 
any subject allied to aeronautics, e.g. 
structures, meteorology, metrology, etc. 


Herbert Akroyd Stuart Memorial Prize 

Awarded at the discretion of the Council 
for the most valuable contribution read 
before, or received by, the Society on applied 
thermodynamics. 


Edward Busk Memorial Prize 


Awarded annually, at the discretion of the 
Council, for the most valuable contribution 
read before, or received by, the Society on 
applied aerodynamics. 


Orville Wright Prize 
Offered annually for the best contribution 
on some subject of a technical nature in 
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connection with aeronautics, which is 
received by the Society and published in The 
Aeronautical‘ Quarterly. 
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Awarded annually, at the discretion of the 
Council, for the most valuable paper read by 
a Graduate or Student during the previous 
year at any meeting of the Society or its 
Branches. 


Usborne Prize 

Awarded annually, at the discretion of the 
Council, for the best contribution to the 
Society’s publications written by a Graduate 
or Student on some subject of a technical 
nature in connection with aeronautics. 


R. P. Alston Memorial Prize 


Awarded for practical achievement asso- 
ciated with the flight testing of aircraft. 


Major Baden-Powell Memorial Prize 


Awarded to the best entrant 
Associate Fellowship Examination. 


Wilbur Wright Memorial Lecture Premium 


The Wilbur Wright Memorial Lecture is 
held annually, a premium of £75 being 
awarded to the lecturer, if British, or £125 if 
he is an American, invited by the Council 
to deliver the lecture. The lecture is usually 


in the 


given alternately by an American and an; 


Englishman, and is the most important 
aeronautical lecture of the year. 


British Commonwealth and Empire Lecture 
Premium 


The British Commonwealth and Empire 


Lecture is delivered annually by a lecturer | 
chosen in alternate years from the British | 


Dominions and Colonies and Great Britain. 

The British Commonwealth and Empire 
Lecture has a premium of £50 and in the 
case of lecturers from the Dominions and 
Colonies an allowance is paid towards the 
lecturer’s expenses. 


Branch Prize 

The Council offer an annual prize of 
twenty guineas for the best paper read before 
the Branches during the previous lecture 
session. The prize is open to any member of 
the Society or of any Branch. 
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SOME ASPECTS OF FLIGHT RESEARCH 
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HANDEL DAVIES, M.Sc., F.R.Ae.S., A.F.LAe.S. 


The 817th Lecture to be given before the 
Royal Aeronautical Society was read under 
the auspices of the Coventry Branch on 
15th February 1951, at the Sibree Hall, by 
Mr. Handel Davies, M.Sc., F.R.Ae.S., 
AF.I.Ae.S., on “Some Aspects of Flight 
Research.” 


The Lecture was attended by the President 
of the Coventry Branch, Mr. H. M. Wood- 
hams, C.B.E., F.R.Ae.S.. the Chairman, 
Mr. W. J. Peters, the President of the Society, 
Major G. P. Bulman, C.B.E., F.R.Ae.S., and 
the Secretary, Captain J. L. Pritchard, C.B.E.., 
Hon.F.R.Ae.S., and a number of members of 
the main Society and members of other 
Branches. 


Mr. W. J. Peters, Chairman of the 
Coventry Branch, opened the meeting by 
welcoming the members of the main Society, 
particularly the President and Secretary. 

He welcomed also members from the 
Manchester, Derby, Leicester, and Gloucester 
and Cheltenham Branches and one member 
from the Isle of Wight Branch. It was a 
great occasion for Coventry because it was 
the first Main Lecture of the Society to be 
given there and because it was a special 
celebration to mark the 25th anniversary of 
the founding of the Branch. Twenty-five 
years was a long time in the history of any 
organisation and he was glad to say that they 
still had with them some of the founder 
members who had done so much in the 
organisation of the Branch. 

Major Bulman, President of the Society, 
said that normally Coventry would have been 
the first Branch of the Society at which a 
main Lecture was held because it was the 
prototype Branch, but the honour had been 
kept for the Silver Jubilee birthday of the 
Branch. 

It was on 21st February 1926, he thought, 
that the Council agreed to the formation of 
the Coventry Branch and it was in March 
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1926 that the first lecture was given, by Mr. 
W. H. Farren on the Autogyro. The first 
President of the Branch was Mr. J. D. 
Siddeley, now Lord Kenilworth, with Major 
F. M. Green as Chairman and Mr. Meadows 
as Secretary. Major Shilson succeeded Mr. 
Meadows, and served for many years with 
them and on the Branches Committee of 
the Society. Today, they had as their 
President Mr. H. M. Woodhams and as their 
Secretary Mr. C. T. Sculthorpe. To them 
he expressed the Council’s thanks for the 
work they did. It was on them and on the 
Committee that the prosperity and welfare of 
the Branch depended. 

He brought to them the Society’s warmest 
congratulations on their birthday and also a 
message from the Chester Branch, the 
youngest member of the family, which he had 
started off the week before; they asked him 
to convey: “To the oldest member of the 
family, felicitations and good wishes.” 

He now had much pleasure in introducing 
the Lecturer, Mr. Handel Davies, Head of the 
Flight Research Section of the Aerodynamics 
Department of the Royal Aircraft Establish- 
ment. 


INTRODUCTION 


Aeronautics has advanced a long way since 
that December day in 1903 when Wilbur 
and Orville Wright successfully completed 
the first flight test ever to be made on a 
powered aircraft. Since then much has been 
learnt about the science of aeronautics and 
great developments have taken place in the 
methods and techniques of aeronautical 
research. Wind tunnels have been built 
capable of testing models at very high speeds 
and at high Reynolds numbers, and many 
other powerful research techniques have been 
developed to assist in the design of aircraft. 
The behaviour of the aircraft itself in flight 


325 


OUS 
its 
i = 
th 4 
ate | 
ical 
ss 
Ke: 


remains the final test, however, and there are 
still many problems which can be investigated 
adequately only in flight with a piloted 
aircraft. 

In this lecture it is proposed to illustrate 
the contribution which flight research can 
make towards the advancement of knowledge 
of aeronautics by discussing some of the 
more important aspects of this work. 

The field covered by the title “Flight 
Research” is a wide one, and it will not be 
possible to present anything like a compre- 
hensive survey in a lecture of this nature. An 
attempt will be made to give as representative 
a picture as possible by discussing some 
typical exampies of developments in flight 
research under three main headings : — 


1 Work concerned directly with reducing the 
drag of aircraft. 

2 Research on stability and control problems. 

3 General aerodynamic research. 


In order to cover as wide a field as possible 
the emphasis will be on the results obtained 
in this work rather than on detailed descrip- 
tions of the experimental techniques involved. 


1. FLIGHT RESEARCH ON’ THE 
DRAG OF AIRCRAFT 


One of the main contributions which flight 
research can make towards improving the 
performance of aircraft is to measure the 
speed and the drag of aircraft in flight, to 
analyse the sources of this drag and to 
explore methods of reducing it. Perhaps the 
best example of this aspect of flight research 
is provided by the work done at the Royal 
Aircraft Establishment in recent years to 
investigate boundary layer effects on aircraft 
and in particular, to determine the conditions 
under which extensive areas of laminar flow 
can be achieved in flight. This work will be 
discussed in some detail. 


BOUNDARY LAYER RESEARCH IN 
FLIGHT 


There is no need to describe in detail the 
tremendous improvements in performance 
which can be achieved if the boundary layer 
can be kept laminar over a substantial part of 
the surfaces of the aircraft. These potential 
gains were fully discussed by Mr. E. J. 
Richards". It will be sufficient to point out 
that the drag of an all-wing aircraft is 
approximately halved if the transition from 
laminar to turbulent boundary layer moves 
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0-010 


0.008 


CONDITION (2) 


(ROUGHNESS REDUCED 


(ROUGHNESS & WAVINESS REDUCED) 


SECTION PROFILE DRAG COEFFICIENT. 
8 


° 0-4 05 
AIRCRAFT LIFT COEFFICIENT : 
Fig. 1. 


Effect of surface condition on section profile drag 


(King Cobra). 


back from the leading edge to about 50 per 


cent. of the chord. 

The first step in achieving such a far back 
transition is to design the wing so that the 
pressure gradient remains negative as far 


back as possible and over a reasonable speed | 


range. There is no difficulty in doing this 
and many aircraft have now been built with 
wings designed to 
gradient over more than half the wing chord 
for a wide range of life coefficient. If the 
complication of boundary layer suction is 
accepted, a favourable pressure gradient can 
be retained over practically the whole wing 
surface without ruining the wing character- 
istics from other points of view. 

Unfortunately 
favourable pressure gradient is very far from 
providing a guarantee of laminar flow, since 
an early transition can easily be caused even 
in a steep favourable gradient by small 
irregularities or excrescences on the wing 
surface. These irregularities may be placed 
in two categories: 


(i) Irregularities inherent in the construction 
or finish of the wing, such as skin 
waviness, overlap in skin joints, or 
roughness in the surface finish. 

(ii) Irregularities arising from contamination 
of the wing surface by dirt, insects, and 
so on. 

It is obvious that flight research must 
play a very important part in investigating 
these factors. The work which has been done 
in this connection during the past few years 
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TABLE I 
Condition Cp, at Estimated 
Ci=0.2 transition 
(1) As received at 
R.A.E. 0.008 Near L.E. 
(2) Slight surface 
improvements 0.005 0.354c 
(3) Waviness reduced 
(see Figs. 3 and 4) 0.003 0.65c 


will be discussed in some detail, and an 
attempt will be made to determine the 


_ standards of construction needed and the 
_ importance of the contamination problem. 


1.1.1. Effect of surface waviness and finish 
The effect of surface irregularities on the 


transition position depends on the Reynolds 


number at transition and on the magnitude of 
the pressure gradient. The tests which have 


been made in flight have not been sufficiently 


systematic or comprehensive to separate out 


these effects completely, but enough has been 


done to give a reasonable indication of the 
standards which must be aimed at, and to 
provide some check on the systematic work 
of Fage'’ and others. 

In most of these flight tests the extent of 
the laminar boundary layer has been deter- 
mined by one of the chemical methods 
developed mainly by W. E. Gray‘? with the 
assistance of members of the Chemistry 
Department at the R.A.E. The first of these 
methods to be used in flight depended upon 
flying the aircraft through a trail of gas which 
reacted chemically with a thin liquid coating 
applied to the wing surface. The reaction in 
the region of turbulent flow was much more 
rapid than in the laminar boundary layer, 
and the discolouration produced gave a clear 
indication of the transition. The liquid used 
to coat the wing was a solution of one gm. 
of starch, 3 gm. of potassium iodide and 
4 gm. of sodium thiosulphate in 100 cc. of 
water, and the aircraft was flown through a 
trail of chlorine gas laid by another aircraft, 
which also laid a smoke trail to indicate the 
position of the chlorine. 

More recently two methods have been 
developed which dispense with the necessity 
for laying a trail of gas. One of these 
methods relies on the oxidising by the air 
flow of a solution of potassium iodide, starch, 
and sodium thiosulphate sprayed in a thin 
coating on the wing surface. The second 
method depends on evaporation or sublima- 
tion of a thin coating of a volatile chemical 
sprayed on the wing. Coatings of naph- 
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thalene, camphor, and fluorene have been 
used successfully for this purpose. The main 
disadvantage of these methods is that it is 
necessary either to protect the test section of 
the wing by some sort of jettisonable covering 
during taxi-ing, take-off and climb, or to fly 
under the test conditions for a much longer 
time than the time taken to reach the 
required altitude, with the constituents of the 
chemical coating adjusted to give the appro- 
priate reaction time. 

The extent of the laminar boundary layer 
has also been determined indirectly in flight 
by measuring the section profile drag coeffi- 
cient, using a pitot comb mounted behind the 
test section, and the results in some cases 
compared with the chemical methods. 

The most comprehensive flight tests on 
these lines have been on a Bell P.63 (King 
Cobra)’. This aircraft has a 66-series wing 
section, with a maximum thickness-chord 
ratio of 16 per cent. located at 45 per cent. 
of the chord, giving a peak suction at about 
0.60c at C.=0. Thus laminar flow should 
be possible over at least half the wing surface. 


In the form in which the aircraft was 
originally received at the R.A.E. it became 
clear that the transition was very close to 
the leading edge. Measurements of section 
profile drag coefficient by Smith and 
Higton™, using a pitot comb, gave a value 
of 0.008, which was equal to the estimated 
value of Cy, for leading edge transition. 
Removal of small local surface defects, such 
as grit embedded in the paint, immediately 
reduced this drag coefficient to 0.005, at any 
rate for lift coefficients near 0.2, and this 
implied an average transition in the neigh- 
bourhood of 0.35¢c. Eventually, by improv- 
ing the standard of surface waviness until 
the maximum variation on a waviness gauge 
with a 2-inch base was less than five 
thousandths of an inch, the profile drag 
coefficient was brought down to about 0.003 
at C,=0.2. This implied a transition at 
about 0.65c. 

These results are shown in detail in Figs. 1 
and 2, and summarised in Table I. The 
surface waviness records corresponding to 
the two main conditions tested are given in 
Figs. 3 and 4. 

Experiments on a similar aircraft by W. E. 
Gray, using the chlorine method to observe 
the transition, broadly confirmed these con- 
clusions, but were much more instructive in 
indicating the precise sources of early transi- 
tion. These experiments showed in particular 


327 


q 
| 
drag | 
vi 
Pet 
ack | 
the | 
far 
ced 
this 
vith 
ible 
ord 
the 
1S 
can a 
ing 
ter- 
om | 
nee 
ven 
ing 
10n : 
kin | 
ion 
ind | 
Ing 
me 
= 
1 


HANDEL DAVIES 


CONDITION (1) 
LE. 
| 
| 
LOWER 
SURFACE | 
| UPPER 
SURFACE 
3 | CONDITION (3) 
| 
Z 6c 
CONDITION (+) 
| 
0-2 02 03 04 
AIRCRAFT LIFT COEFFICIENT 
Fig. 2. 


Effect of surface condition on transition (King Cobra), 


the importance of a ridge at a skin joint, a 
0.006-inch step down causing almost 
immediate transition. Eventually the surface 
condition was improved to such an extent 
that the remaining surface waviness repre- 
sented variations of less than two thousandths 
of an inch measured on an Ames gauge with 
two-inch base, and irregularities at skin 
joints and rivets had been removed entirely 
(see Fig. 5, Condition (4)). Chemical 
observations of transition in this condition 
(extending incidentally to zero and slightly 
negative C,’s) showed that this final improve- 
ment had very little effect on the transition 
position at lift coefficients near 0.2, but it 
did widen the range of C; over which the 
transition can be kept back at 0.65c, to a 
maximum C,, of about 0.4, when the transi- 
tion jumped abruptly forward (see Figs. 
2 and 6, Condition (4)). 

This probably represents one of the best 
surface conditions ever achieved on an air- 
craft wing, and shows that at any rate at 
the Reynolds numbers of these tests (10-17 
million, based on wing chord) laminar flow 
can be retained so long as the gradient does 
not become definitely unfavourable. In fact, 
in this case the transition was often behind 
the peak suction and also survived a small 


328 


region of positive pressure gradient near the 
nose. This is illustrated in Fig. 7 showing 
pressure distributions on this wing measured 
in the R.A.E. No. 2 114 ft. tunnel. It will be 
seen that at low lift coefficients, laminar flow 
was retained to at least 0.0Sc behind the 
pressure peak, while at lift coefficients 
approaching 0.4 the far back transition is 
retained in spite of the fact that the magni- 
tude of the favourable gradient is everywhere 
small, and in spite of the unfavourable region 
near the nose. 

These results also illustrate the dependence 
of waviness requirements on pressure 
gradient. The forward movement of the 
transition in Condition (3) at lift coefficients 
above 0.2 undoubtedly was due to the 
reduction in favourable gradient with 
increasing C,. 

Similar tests have been made on a Hurri- 
cane“, fitted with special low drag wings 
manufactured by Armstrong Whitworth Ltd. 
This wing was designed to give a peak 
suction at about 50 per cent. chord, and had 
a thickness/chord ratio varying from 17.9 
per cent. at the root to 14.8 per cent. at the 
tip. The wing had a fairly thick skin (18 
gauge) stiffened by spanwise stringers three 
inches apart, the top and bottom surfaces 
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Surface waviness of King Cobra wing in condition (1) (as received at R.A.E.). 
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FROM L.€. (INCHES) 


Fig. 4. 
g Cobra wing in condition 


Fig. 5. 
Surface waviness of King Cobra wing in condition (4). 


1 (3) (roughness and 
waviness reduced). 


Surface waviness of Kin 


_ the original condition and after 
eduction in surface condition had been 
achieved by rubbing down. 
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Fig. 6. 


Transition at 65 per cent. chord on upper surface of King Cobra wing in condition (4). 
(CL=0.14, R=17 x 10°, air speed indicator reading = 300 m.p.h.) 


being connected by ribs 15 inches apart. A 


_ very good surface was thereby achieved, and 


Figs. 8 and 9 show the results obtained for 
some 


It will be seen that transition at about 


_ 50 per cent. chord was achieved even in the 
original condition (i.e. with waviness limits 


of the order of three thousandths of an inch) 
at lift coefficients near 0.2. The effect of 
reducing the waviness to a maximum of one 


_ or two thousandths widened the C,, range as 


on the King Cobra“, the waviness require- 
ments being more stringent as the favourable 


_ pressure gradient decreases with increasing 


C,. It will be seen that reducing the waviness 


also had a favourable effect at lift coefficients 


below 0.2. This is due to the increasing 
Reynolds number in the flight tests at these 


- low C,’s, which again has the eflect of 


making the waviness requirements more 
difficult to meet. 

These tests have shown that for Reynolds 
numbers of the order of 15 million, based on 
wing chord, it is necessary to reduce the 
waviness of the wing surface, as measured 


on a two-inch gauge, to something of the 
order of one thousandth of an inch, if the 
transition is to be kept right back to the 
pressure peaks, over the full C, range for 
which the wing has been designed. This is 
in general agreement with the waviness 
standards suggested by Fage”’. It represents 
a very severe demand on the manufacture and 
maintenance of wings, and few operational 
aircraft yet produced have come anywhere 
near to achieving this standard. 

It is worth emphasising that a transition 
near the pressure peak can be achieved for 
a small C, range, when the favourable 
pressure gradients are high, with appreciably 
lower standards of waviness, perhaps up to 
three or four thousandths, at these Reynolds 
numbers. This suggestion should not be 
allowed to discourage efforts to produce 
better surfaces, and is made, in fact, largely 
in order to counter the defeatism which exists 
in some quarters about the practicability of 
achieving even a moderate extent of laminar 
flow on a service aircraft. The truth is that 
the attainment of full extent of laminar flow, 
theoretically possible over the entire design 
range of C,, is extremely difficult in practice, 
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especially at high Reynolds numbers; but it 
is not difficult to go quite a long way towards 
this ideal. 

As a further illustration of this point, it is 
worth mentioning that a test made recently 
at the R.A.E. on a jet fighter which had not 
been specially treated, except for a very small 
amount of rubbing down near the leading 
edge, gave a transition of 30-40 per cent. of 
the chord over a large proportion of the wing 
surface, apart from a few wedges (see Fig. 
10). In this case the skin joint was at the 
leading edge, and the waviness standard was 
extremely good for a production aircraft. On 
the other hand two other jet aircraft tested 
at the same time had a mean transition at 
about 0.10c, caused by poor rivets and skin 
joints. 

Thus, although an enormous amount of 
effort is needed to achieve the full advantage 
theoretically possible over the design C, 
range, a considerable gain can be achieved 
with very little trouble in construction and 
maintenance. How far even such a limited 
gain may be prejudiced by dirt and insect 
contamination will be discussed later. 
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1.1.2. Boundary layer research at very 
high Reynolds number 


The work described so far has been con- 
cerned with Reynolds numbers up to about 
17 million. It has been seen that as the 
Reynolds number increases, the standard of 
surface waviness needed to ensure transition 


in the neighbourhood of the pressure peak 


becomes more severe. 


It is important therefore to investigate the} 
conditions under which a far back transition} 
can be achieved at the highest Reynolds} 


numbers likely to be met in practice. The 


view has been put forward that there may be | 


a definite upper limit to the Reynolds num- 
ber at transition even for a perfect wing, the 


limit suggested being of the order of 16} 
W. E. Gray has drawn attention to} 
existing experimental results which appear to} 
contradict this suggestion, and it is important } 


million. 


to try to obtain a further experimental check 
on this point. Flight tests, therefore, are 
being made at the R.A.E. on the Armstrong 
Whitworth 52, observing transition by the 
evaporation method as the wing surface is 
progressively improved. If laminar flow can 
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Fig. 7. 
Pressure distributions on the upper surface of King Cobra 


wing in condition (4). 
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be maintained as far back as the pressure 
peaks on this wing, the Reynolds number 
at transition will be about 22 million, at the 
maximum speed. This is well above the 
suggested limit. The experiment will also 
serve to check the standard of surface finish 
and waviness needed to maintain laminar 
flow at higher Reynolds numbers than have 
been covered in any flight tests up to now. 
| 1.1.3. Boundary layer research at high 
Mach numbers 
The possibility of maintaining laminar 
| flow at high Mach numbers has not as yet 
received much attention. The problem does 
not seem to be fundamentally altered even 
- when the Mach number is high enough for 
‘there to be extensive regions of supersonic 
‘flow and shock waves present on the wing. 
_Anegative pressure gradient is still favour- 
able to the maintenance of laminar flow, the 
only difference being that as the Mach 
number increases the region of favourable 
gradient in general becomes more extensive, 
and in fact extends as far as the shock wave. 
It is clearly important to investigate 
whether the standard of surface finish and 
waviness needed to ensure laminar flow back 
to the pressure peak under these conditions 
isthe same as at low Mach numbers. Some 
preliminary work has been done on this 
problem at the R.A.E., using a de Havilland 
Vampire. The results suggest that the 
surface standards needed to achieve a given 
amount of laminar flow are much the same 
as at lower Mach numbers, for the same 
Reynolds numbers, but more systematic 
flight work is needed on this subject. 


1.1.4. Contamination by insects 


 Inall that has been said so far it has been 

assumed that the wing has been thoroughly 
cleaned before take-off and that no con- 
tamination of the wing surface has subse- 
quently taken place. Unfortunately serious 
contamination of the wing often does occur, 
particularly from insects, and this constitutes 
one of the most difficult practical problems 
in making use of laminar flow wings. Very 
minute insects or specks of dust are sufficient 
to initiate a wedge of turbulent flow and Fig. 
ll illustrates the sort of thing which may 
happen. 

The magnitude of the insect problem 
varies widely with geographical position, 
lime of year, time of day, and weather con- 
ditions, and it will be worth quoting briefly 
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CONDITION(IKROUGHNESS REDUCED) 


O4c 


CONDITION(2) 
(ROUGHNESS 
WAVINESS REDUCED) 


TRANSITION POSITION 


| 
ow 
Fig. 8. 


Effect of surface condition on transition position 
(Hurricane Z 3687). 
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the experience gained on this subject during 
flight tests at the R.A.E. and elsewhere, 
although little systematic information is 
available. 

During the winter months the number of 
insects picked up during one take-off in the 
Farnborough area is usually very small, 
especially in the mornings. In recent flight 
tests on the A.W.52 at the R.A.E., for 
example, the number of insects picked up per 
flight never exceeded one per 10 ft. span, and 
in most morning flights no insect contamina- 
tion occurred at all. Rainy conditions and 
high winds also seem to tend to reduce the 
insect population. 

In warmer weather the number of insects 
increases and on the afternoon of a warm 
summer day there have been occasions when 
so many insects have been picked up that the 
effective transition is brought near the leading 
edge over most of the wing surface. Even in 
midsummer, however, the number of insects 
collected in an early morning take-off is 
usually small. Insect contamination also 
tends to become a more serious problem in 
warmer climates. During some systematic 
observations made in Louisiana in the U.S.A., 
for example, one insect was picked up per 
square foot of wing frontal area for every 
minute of a flight at 500 ft. 

It seems then that the insect problem varies 
with geographical situation, time of year, 
time of day and weather conditions, from 
being relatively unimportant to being suffi- 
ciently serious virtually to prevent the 
maintenance of laminar flow over any appre- 
ciable proportion of the wing surface. 
Unfortunately, the mere possibility of a 
premature transition being caused by insects 
on some occasions is sufficient to prevent full 
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Fig. 


use being made of laminar flow wings in 
achieving long range. It should not, how- 
ever, discourage efforts to achieve extensive 
areas of laminar flow as a means of attaining 
higher speeds under favourable conditions. 
The area of wing which may be affected 
by insect contamination is not very large, 
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Surface waviness of Hurricane Z 3687 wing in conditions (1) and (2). 


extending perhaps from about 0.20c on the 
lower surface to about 0.07 c on the upper 
surface. The possibility of protecting this 
surface during tax-ing and take-off therefore 
arises, since the fly population decreases 
rapidly with increasing altitude. During the 
experiments previously described on the King 
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Fig. 10. 
Transition on wing of high-speed fighter aircraft—standard finish, L.E. roughness rubbed down. 
(M=0.72, Cr=0.07, R=34 x 105) 


Cobra at the R.A.E., some tests were made 
with a paper cover stretched over the front 
part of the test section and extending to 
about 0.3c on both surfaces. The paper was 
fastened to the wing round its edges and was 
nipped off after take-off by pulling a string 


passing from the cockpit round the paper at 
the leading edge. This method proved quite 
successful but its application to the complete 
wing of a large aircraft obviously would be 
more difficult. 

An attempt has also been made to coat the 
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Fig. 11. 


Transition wedges caused by flies on King Cobra wing in condition (4). 
(Cr. =0.34, R= 10.7 x 10°, air speed indicator reading = 190 m.p.h.) 


wing surface with a volatile solid material 
such as camphor, which would sublime away 
in flight, taking the insects with it. This 
method has not so far been successful. 


1.1.5. Boundary layer suction 


Although a large amount of theoretical and 
wind tunnel work has been done on boundary 
layer suction, flight research on this subject 
has been limited so far, mainly owing to the 
complication and expense of the preparations 
needed for such a test. A few interesting 
experiments have been made in flight and it 
will be worth describing one of them briefly 
to illustrate the problems involved. 

The tests referred to were made in order 
to investigate the practical problems involved 
in applying the now well-known principle of 
the Griffiths suction wing”? to an actual air- 
craft. The outer wings of a Meteor III (i.e. 
outside the engine nacelles) were removed 
and replaced by special sections of the form 
illustrated diagrammatically in Fig. 12. These 
sections had a maximum thickness chord 
ratio of 16 per cent. and were designed to 
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have a favourable pressure gradient almost 
to 0.75c, where there was a suction slot, 
nominally 0.04 inches deep, formed between 
the aileron and the wings as shown. The 
suction was provided by a modification of the 
blower normally used to cool the rear bear- 
ings on the Derwent I engines. This should 
theoretically have given values of suction 
coefficient Cg at the slots estimated to be 
necessary to prevent a separation or rapid 


thickening of the boundary layer behind the}, 
slot, provided the boundary layer remained} 


laminar to somewhere near the slot. 

In the form in which the aircraft was first 
tested at the R.A.E. the suction had no effect 
on the drag. This was found to be partly due 
to the fact that the transition on both upper! 
and lower surfaces of the wing, as observed] 
by Gray’s chlorine method, was occurring at; 
about 0.06c, where there was a ridge almost 
0.01 inches high in places caused by a butt 
joint in the skin. The surface waviness was 
also of rather a poor standard (see Fig. 13). 


With this forward transition the boundary 
layer thickness at the slot was such that tt 
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Fig. 12. 
Section through Griffith suction wing at test section, as fitted to Meteor III outboard of nacelles. 


would have required twice the available 
suction to produce the desired effect. 
The surface, therefore, was painted and 


_ rubbed smooth, removing the ridge at the 


skin joint to negligible proportions, and 
reducing the waviness to the standard shown 
in Fig. 13. The transition was then found 
to be about 0.70c on the lower surface and 
0.55c on the upper surface (at C_.=0.2). The 


| transition was thus slightly aft of the maxi- 
_ mum suction on both surfaces (see Fig. 14) 


so that further improvement of the surface 
would have been unlikely to have had much 


effect. 


Even with this improved surface condition 


_ the suction still seemed to have only a small 


proportion of the expected effect. This was 
eventually found to be due to the fact that 
although the air flow through the blower 
corresponded to a mean value of Cg at the 
slots slightly greater than required (0.0006), 
the local Cg actually being achieved at the 


| test section was only about half the required 


value. This loss was found to be partly due 
to leaks in the duct system and partly to non- 
uniformity in the spanwise distribution of 
flow in the slots caused by variations in slot 


_ width and by the internal design of the ducts. 


Since extensive dismantling and recon- 
struction of the wings would have been neces- 
sary in order to produce sufficient improve- 
ment in Cg, one of the wings was removed 
from the aircraft and tested in the No. 2 114 
ft. tunnel at the R.A.E. These tests con- 
firmed that when the value of Cg at the slots 
was increased to that theoretically required 
(about 0.0006) the expected gain due to the 
suction was realised, the section profile drag 
coefficient being reduced to about 0.002. 

The aileron effectiveness, although sub- 
stantially lower than on a standard Meteor 


III was considered to be adequate, even with 
suction off, in spite of the disturbed flow over 
the aileron surfaces in this condition. There 
was some aileron oscillation, the severity 
depending on the upfloat angle. With zero 
upfloat angle the oscillation was negligible. 
The longitudinal and directional handling 
characteristics of the aircraft were the same 
as those of a standard Meteor. 

These experiments, although not entirely 
conclusive, served to demonstrate the follow- 
ing points in relation to possible applications 
of the Griffith wing principle. 

(1) It is still necessary with this design to 
achieve a very high standard of surface 
finish if the transition is to be got near 
enough to the slot to enable the full 
advantages of the design to be realised. 


(2) The construction of the suction slot and 
the ducting must be such as to guarantee 
a reasonably uniform flow distribution in 
the slot. 


(3) Lateral control characteristics can be 
made acceptable even with suction off, at 
any rate for the moderate wing thickness 
of 16 per cent. used in these experiments. 


1.2. MEASUREMENT OF OVERALL DRAG IN 
FLIGHT 


The measurement of section profile drag 
coefficient has already been mentioned. 
Measurement of the total drag of aircraft in 
flight is also an important problem. For- 
tunately it is one of the few problems which 
has become easier since the advent of jet 
aircraft, since it is fairly easy to measure the 
thrust of a turbine engine in flight using a 
pitot in the jet pipe. The technique is well 
known”) and need not be described here. 
Since the method can be extended to apply 
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Surface waviness of Griffith suction wing at pressure plot section. 
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Pressure distributions on Griffith suction wing fitted to Meteor III (improved wing surface). 


in dives as well as in level flight, using a 

longitudinal accelerometer to determine the 

acceleration, measurements of drag can be 

obtained at speeds well above the maximum 
level speed of the aircraft. The results of 
wer measurements are given in 
ef. 6. 


Perhaps the most important objective of 
measurements of this kind is to provide a 
check on wind tunnel tests. Some detailed 
comparisons of flight and tunnel measure- 
ments of the drag rise due to compressibility 
were made by Hills in a recent lecture‘. 
On the whole these comparisons were very 
encouraging in confirming the reliability of 
predictions based on wind tunnel tests. Con- 


siderable discrepancies might be expected, 
however, when separation effects are present 
in the drag. Such effects usually contribute 
to the increase in drag of an aircraft with 
increasing incidence, i.e. to the so-called 
induced drag factor K. Unfortunately the 
measurement of K in flight is not easy, 
because of the difficulty of separating out the 
effects of varying Reynolds number and lift 
coefficients. 

Lift coefficient also has an important effect 
on the drag rise at high Mach number. It is 
not really possible at these high Mach 
numbers to represent the effect as a variation 
in K, since the total drag is no longer even 
approximately a linear function of C,. 
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2. STABILITY AND CONTROL 


It is obvious that research and develop- 
ment on aircraft in flight must play an 
extremely important part in achieving good 
stability and control characteristics. Not 
only are the pilots’ impressions of the 
handling characteristics the final criterion by 
which an aircraft must be judged, but there 
are still many basic stability and control 
characteristics which can only be investigated 
adequately in an actual flight test. 

This is again a wide field and an exhaustive 
survey would be impossible in a lecture of 
this nature. Therefore the contribution 
which flight research can make in this field 
will be illustrated by discussing some out- 
standing problems in longitudinal, lateral and 
directional stability, and in the development 
of controls. 


2.1. LONGITUDINAL STABILITY 


The problem of achieving satisfactory 
stability throughout the speed range has been 
complicated greatly in recent years by com- 
pressibility and aeroelastic effects at high 
speed and by difficulties arising from the use 


the old days pitching moment coefficients 
usually varied more or less linearly with lift 
coefficient, so that the static and manoeuvre 
margins did not often vary widely over the 
speed range except for occasional inter. 
ference effects. 

At very high speeds large changes jn 
longitudinal characteristics inevitably occur, 
mainly due to compressibility but often 
accentuated by aeroelastic effects. The use 
of sweepback to delay and reduce the com. 
pressibility effect, in turn has made it more 
difficult to retain adequate longitudinal 
stability down to the stall. Fig. 15 illustrates 
diagrammatically the sort of variation in 
static stability which, for example, might be 
expected to occur on a modern high speed 
aircraft from the stall up to supersonic speeds, 
This shows an instability occurring at the 
lower speeds, changes of trim occurring at 
transonic speeds involving regions of large 
negative static margin, and the virtually 
inevitable increase in static stability at super- 
sonic speeds. 


These effects depend on a large number, 


of factors and systematic investigation of 
them is possible only by wind tunnel tests 


of unorthodox plan forms at low speeds. In and by other model techniques. The 
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Fig. 15. 
Variation of stability which may occur through the speed range. 
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objectives of flight research in this field 
must be: — 


(i) To provide constant checks on the model 
techniques. 

(ii) To investigate special effects which are 
not present, or are difficult to represent 
fully, in model tests. 

(iii) To assess the importance of the changes 
which occur from the pilot’s point of 
view so that the minimum standards to 
be aimed at in design may be established. 


Comparisons of some recent flight and 
wind tunnel tests were discussed by Mr. 
Hills’. On the whole fairly good agreement 
was shown when the wind tunnel Reynolds 
numbers were high enough, and provided that 
no appreciable aeroelastic or other effects 
not represented in the tunnel occurred. 

These additional effects are often impor- 
tant however. An example is illustrated in 
Fig. 16. This shows the trim changes which 
may occur on a Vampire aircraft, and their 


dependence on the detailed shape of the 


elevator shrouds. It will be seen that a 
severe nose down trim change, in this case, 
was eliminated by comparatively minor 
modifications to the elevator shroud. 

There are many other longitudinal stab- 
ility characteristics which can be investigated 


adequately and fully only in flight, particu- 
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Fig. 16. 
Effect of shroud contour on stick forces to trim on 
Vampire I 
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larly in connection with aeroelastic effects 
and dynamic stability problems. 

For the third objective listed, consider 
precisely what constitutes desirable longi- 
tudinal handling characteristics in an aircraft, 
and what are the limitations imposed on the 
stability derivatives in order to achieve the 
handling characteristics demanded by the 
pilot. 

A great deal of work has been done in the 
past on this subject and certain standards 
have been laid down. It has been generally 
agreed, for example, that a positive stick free 
static margin is essential throughout the 
speed range, and a static margin of around 
5 per cent. is often aimed at. Similarly, 
limitations have been laid down for stick 
force per g, values outside the range 3 to 
8 Ib. per g being generally regarded as 
undesirable for fighter aircraft. 

Unfortunately, the rapid increase in per- 
formance which has taken place in the past 
few years, and the trend towards unorthodox 
plan forms, have made many of these 
requirements incomplete and in some cases 
out of date. 

Consider, for example, the requirements 
for static stability on high speed aircraft. On 
all such aircraft, as the Mach number is 
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Fig. 17. 


Variation of stick free static margin and stick force 
per g with Mach number for Vampire I. 
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increased, a stage is eventually reached when 03 
a more or less severe nose-down trim change wee 
occurs. This inevitably means a_ large wes | 
reduction of static margin in this region and 02 ESTIMATED CURVE “ There 
in most cases, the static margin will become ull 
substantially negative. Fortunately this is wil 
not accompanied by a corresponding loss of 
manoeuvre margin; on the contrary, the stick 
force per g generally increases rapidly in this Ln uae — 
region. A typical example of the sort of P ee 
variation which may occur is shown in Fig. 04 0-8 
17 by the results obtained in flight tests on Fig. 18. ang 1 
a Vampire. Variation of —/, with Ci on swept wing aircraft. — 
It seems that large negative static margins ay 
may be acceptable at high Mach numbers, at o3 Estim 
any rate for relatively short periods, provided are al 
that they are accompanied by positive ~* |, po 
manoeuvre margins. These conditions, | | 
incidentally, are unlikely to arise at low re dem 
speeds, since a large decrease in static margin o — to be 
at low speed is almost certain to be accom- i | aa 
panied by a corresponding reduction in ane) i the fc 
At high speeds, the important static longi- 
tudinal stability requirements seem to be: — tional 
(1) That the manoeuvre margin should ie exam) 
remain positive and that the correspond- _,,, ness i 
ing values of stick force per g should be increa 
within the limits previously accepted. on th 
(2) That the trim changes due to compressi- 5 oe varyit 
bility should be gradual, i.e. as indicated diagré 
by the dotted curve rather than the full — Fin 
curve of Fig. 15. “i ciated 
(3) That the trim change should be within & in _ towar 
the capacity of the pilot either by use of § 00s +08 cra liable 
elevator alone or by a combination of 3 et partic 
elevator and variable incidence tailplane. ASPECT the vi 
30 40 on a 
2.2. LATERAL AND DIRECTIONAL _ ANGLE OF SWEEPEAGK A? low Ii 
CHARACTERISTICS Fig. 20. than | 
Variation of aileron effectiveness with sweepback} there 
Until comparatively recently the attainment (taper ratio= 1.0). high | 
of satisfactory lateral and directional stability 0 we 
characteristics was generally considered to be — back 
fairly easy, at any rate at low and medium It . 
speeds. Morgan, in his lecture to the Anglo- = : 
American Aeronautical Conference in 1947, a in 
 latera 
for example, pointed out that normally there ist 
was a fairly wide choice of dihedral available -*?. — 
: at lov 
between the extremes involving reversal in i —~ | low v 
sign of /, on the one hand, and “ Dutch da i 
Roll” characteristics on the other. te 
With the introduction of sweepback and F oscill 
other unorthodox plan forms the situation oe 04 pang 
may not be quite so easy. In the first place Fig. 21. ne , 
the values of /, and n, for a particular design Variation of —Ip with Ci for swept wing tailless ments 
are now likely to vary quite rapidly with C,, aircraft. Britis 
342 
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instead of remaining sensibly constant, as 
was the case with straight wing aircraft. 
Therefore it has become more difficult to 
choose values of dihedral and fin area which 
will be satisfactory over the whole flight 
range. Fig. 18 shows, for example, the 
variation in /, with C; measured in flight on 
a swept wing tailless aircraft. The measure- 
ments were made by Duddy at the R.A.E. 
simply by determining the aileron and rudder 
angles needed to maintain various angles of 
sideslip, and measuring aileron power by 
observing the aileron angle needed to balance 
lead weights mounted on the wing tips. 
Estimated values of /, for 60° of sweepback 
are also shown in Fig. 18 and the probable 


order of variation of /, with sweepback for 


wings of moderate aspect ratio and taper is 
given in Fig. 19. These variations are likely 
to be affected by detailed design and are 
given only to provide a rough background to 
the following discussion. 

Sweepback also results in a reduction of 
aileron effectiveness, at any rate for conven- 
tional aileron design. Fig. 20 shows, for 
example, the way in which aileron effective- 
ness is likely to vary when the sweepback is 
increased by swinging the wing round a pivot 
on the aircraft centre line, the aspect ratio 
varying as shown on the abscissae of the 
diagram. 

Finally, the small aspect ratios often asso- 


ciated with sweepback and the tendency 


towards tip stalling on swept-back wings is 
liable to result in low damping in roll, 
particularly at low speeds. Fig. 21 shows 
the variation in /, with C;, measured in flight 
on a swept wing tailless aircraft. Even at 
low lift coefficients, the value of /, is lower 
than is usual on an aircraft of this type, and 
there is an appreciable further reduction at 
high lift coefficients. This reduction is likely 
with increased angles of sweep- 
ack. 


It is obvious that these effects are likely to 
lead to some difficulty in achieving ideal 


lateral and directional handling character- 


istics. The high values of /, likely to occur 
at low speeds, for example, together with the 
low values of /,, may tend to result in badly 
damped “Dutch Roll” oscillation. 

Evidence of low damping of “ Dutch Roll” 
oscillation has occurred on swept wing air- 
craft in flight (see Ref. 9). These aircraft do 
not in fact satisfy the well-known require- 
ments for the damping of lateral oscillations. 
British requirements specify that any lateral 


or directional oscillations should be damped 
to half amplitude in one complete cycle. 
American requirements are slightly less 
severe, as indicated in Fig. 22", but both 
requirements demand a fairly heavy damp- 
ing. It is clearly important then to 
re-examine these requirements in the light of 
present trends in aircraft design. A certain 
amount of flight research has been done 
already on this problem in this country and 
in the U.S.A. This work has suggested that 
it may not be possible to express the require- 
ments adequately in the simple form 
indicated in Fig. 22. 

Experience on a swept wing tailless aircraft 
in Great Britain, for example, showed that 
although a divergent “Dutch Roll” occurs 
at approach speeds, the amplitude doubling 
in about 4 cycles, with a period of about 4.5 
seconds the pilots did not consider these 
characteristics to be unacceptable. It seemed 
that they were able to cope with oscillations 
of this fairly long period without difficulty. 

A rather similar conclusion was reached 


in some interesting experiments by the 
SWEPT WING 
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N.A.C.A. using a conventional  straight- 
winged aircraft and simulating the effect of 
varying /, by servo-actuation of the ailerons 
through a differential linkage in proportion 
to the deflection of a sideslip vane“®’. These 
tests suggested that for an assumed approach 
speed of about 90 knots and a simulated 1, 
of about —0.29 the handling characteristics 
were still considered to be good, in spite of 
the fact that the time to damp to half ampli- 
tude was about three times the period. Even 
with a simulated /, of —0.37 corresponding 
to a dihedral of about 28°, the characteristics 
were still thought to be tolerable in spite of 
the fact that in this case the oscillations were 
divergent, the amplitude doubling in about 
10 cycles. These experiments also suggested 
that the ratio of the amplitude of the rolling 
velocity developed in the oscillation to the 
amplitude of the sideslip might be an 
important criterion. At a flight speed of 180 
knots, for example, a simulated /, of about 
—0.32, resulting in an oscillation damping 
to half amplitude of about 24 cycles, was 
considered unacceptable. This was thought 
to be due to the fact that the ratio of rolling 
to sideslip amplitudes was much greater than 
at the lower speed of 90 knots. 


It must be emphasised that the foregoing 
remarks, which seem to suggest that the 
damping requirement might be relaxed, 
apply only to small aircraft, operating in 
good visibility and weather, and are subject 
to the condition that the period of the 
oscillation shall be large enough for the pilot 
to cope with easily. It is probably more 
difficult for the pilot to cope with a badly 
damped “Dutch Roll” on a very large aircraft 
even when the periods are correspondingly 
longer, owing to the slower response of such 
an aircraft to correcting actions. It also 
seems probable that for blind or bad weather 
landings a standard of damping at least as 
good as that suggested by the British require- 
ment (Fig. 22) is still essential. This is con- 
firmed by American experience on at least 
one aircraft’. In this case the “Dutch Roll” 
oscillations were slightly convergent, and in 
fact nearly met the American requirements. 
They were considered, however, to be 
undesirable, even though the period was quite 
high (about 7.5 secs.). 

The periods of the oscillations in the 
experiments described were in every case 
greater than three seconds. It is probable 
that the lowest period with which a pilot can 
cope by using his controls is of the order of 
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two or three seconds, although this limit 
must depend to some extent on size of the 
aircraft and the precise nature of the 
oscillation. For periods of less than two 
seconds, therefore, the damping requirements 


at least equivalent to those given in Fig. 22} 


become essential, regardless of weather and 


visibility. Periods as low as this are not very | 
likely at approach speeds, but they may occur } 


frequently at high speeds, and a new factor 
then enters into the problem for military air- 


craft, namely, the standard of damping | 


needed in order to give satisfactory fighting 
qualities. It is probable that under these 
circumstances damping to half amplitude in 
one cycle is not good enough. It is not easy 
with present design trends to achieve the 
desired standard. Automatic means of 
increasing the damping to meet this problem 
have been developed and the early work of 
Dr. Doetsch at the Royal Aircraft Establish- 
ment in this connection was described in 
in Ref. 11. Since then extensive flight tests 


have been made in this country to improve | 


these artificial damping devices. The method 

can also be used to prevent “ Dutch Roll” at 

low and moderate speeds". 

The fact that the dynamic stability 
characteristics of an aircraft can be improved 
artificially in this way should not be allowed 
to encourage any relaxation in the efforts to 
achieve satisfactory characteristics by purely 
aerodynamic means. It should be regarded 
rather as an insurance against failure caused 
by our incomplete knowledge of the effects 
of present design trends on the stability 
derivatives. 

Summarising the foregoing paragraphs on 
the damping of lateral oscillations, it may be 
tentatively suggested, on the basis of recent 
flight experience, that: 

(1) For small aircraft operating in reasonably 
good weather and visibility, the degree 
of damping may not necessarily have to 
be as good as that suggested in the 
present requirements (Fig. 22), provided 
the period of the oscillation is not less 
than about three seconds, and provided 
that the ratio of roll to sideslip ampli- 
tudes in the oscillation is not large. 

(2) For large aircraft, or for blind landings, 
a standard of damping at least equivalent 
to that specified in the British require- 
ment is desirable, even if the periods are 
large. 

(3) For oscillations of short period, such as 
may occur at high speeds, greater 
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damping than that indicated even in the 

British requirement is desirable. 

There is a further consequence of the 
variation in /, with C; and the reduction in 
aileron effectiveness on swept wing aircraft 


which Has not yet been mentioned. These 


two effects together result in an increase in 
the aileron angle needed to hold the aircraft 
level in a sideslip. Fig. 23 shows the order 
of the increase in aileron angle per degree of 
sideslip as the sweepback is increased by 
swinging the wing about a pivot on the 
centre-line. For the angles of sweepback 
which have been used on existing aircraft (i.e. 
up to about 40°) the effect is not serious 
about 10° of aileron for 5° of sideslip). 
Experience with these aircraft has confirmed 
that although the effect is noticeable, it is not 
dificult to cope with. For much greater 
angles of sweepback, however, it seems 
probable that the effect would become un- 
acceptable, particularly in connection with 
cross-wind landings and take-offs, unless 


‘some means of increasing aileron effective- 


ness is adopted. 


2.3. FLIGHT RESEARCH ON CONTROLS 

The development of controls and asso- 
ciated devices such as air-brakes, g-restrictors, 
and so on, has always been an important 
objective of flight research. The extensive 
work done in flight in improving hinge 


‘moment characteristics and in achieving 


satisfactory stick free stability is well known 


For the purpose of this lecture as an 


illustration of the contribution which flight 
research has made in this field a special 
problem will be taken which has recently 
come back into prominence, namely, the 
development of spoilers for lateral control of 
aircraft. 


The possibility of using, spoilers for lateral 


control, thus freeing the whole of the wing 
trailing edge for landing flaps, was realised 
many years ago. Wind tunnel tests indicated 
that adequate rolling effectiveness could be 
achieved, but unfortunately early flight tests 
were not 
objections arose from:— 


(1) Difficulties in obtaining acceptable “ feel ” 


very promising. The main 


characteristics, due either to non-linear 
hinge moment characteristics or to 
inertia effects. 


(2) The lag which occurred between opera- 


tion of the spoiler and start of the roll. 


(3) The non-linear response characteristics, 


involving a dead spot at the centre of the 
aileron travel. 


(4) The loss of overall lift which occurs when 


a spoiler aileron is applied to pick up a 
wing at low speeds, and the possibility of 
excessive yawing moment (though in a 
favourable direction) due to the large 
drag of the spoiler. 


The relative importance of these objections 


varied for different designs tested, but on the 


whole they were generally considered to out- 
weigh the advantages of spoilers in permitting 
the use of full span trailing edge flaps. 

Design trends during the past few years, 
however, have introduced new factors 
favouring the use of spoiler control. These 
new factors are:— 


and was discussed in the lecture by Morgan 
and Thomas in 1945"*), More recently 
valuable work has been in flight in develop- 
ing power controls, servo-tabs and 
g-restrictors. This aspect of flight research 
and the conclusions derived from it have 


been discussed in two papers by Lyons"*: ?*), 
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Fig. 23. 


Variation with sweepback of aileron angle needed 
to trim out 1° of sideslip. 
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(1) The introduction of sweepback has 


increased the difficulties of achieving high 
lift coefficients for landing and has placed 
greater emphasis on the need for high 
lift devices, such as full span flaps. 


(2) The demand for very thin wing sections 


with very small trailing edge angles for 
high speed aircraft has increased the 
difficulties of designing trailing edge 
controls capable of withstanding the 
high loads and of coping with the hinge 
moments involved in the small space 
available. 


(3) The use of sweepback and thin wing 
sections has increased the aeroelastic 
problems and in particular has made the 
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difficulty of avoiding aileron reversal due 
to wing distortion more severe. In Ref. 
15 it is shown that for a typical 35° 
swept-back wing of aspect ratio 9.4, the 
rolling effectiveness factor pb/(2V) of a 
conventional trailing edge aileron may 
be reduced almost to zero at 600 m.p.h. 
at sea level, whereas the effectiveness of 
a spoiler aileron designed to produce the 
same effectiveness at low speed loses 
only about 15 per cent. of its effectiveness 
at 600 m.p.h. 


(4) The reduction in control effectiveness 
which occurs at high Mach numbers with 
trailing edge type controls may be made 
less severe by the use of spoilers. 


Clearly it is important to review the dis- 
advantages of spoiler controls shown in past 
flight tests to see if they still outweigh the 
advantages in the light of these new factors. 
Consider therefore in more detail the flight 
evidence which led to the four main 
objections mentioned at the beginning of this 
section. 


1. Difficulties in achieving satisfactory 
feel ” 


In the early flight tests on spoilers, the 
troubles in achieving satisfactory feel arose 
from two different factors depending on the 
type of spoiler. With a hinged type spoiler 
as tested on a Courier aircraft (see Ref. 16) 
great difficulty was experienced in producing 
reasonably linear hinge moment character- 
istics with deflection. None of the modifica- 
tions tested gave really satisfactory results. 

Subsequent tests in Great Britain on an 
American aircraft, the Vought Kingfisher, 
fitted with a slot lip type spoiler showed that 
with this design an approximately linear 
variation could be obtained. In this arrange- 


FLAP 
Fig. 24. 
Slot-up aileron on Vought Kingfisher. 
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ment a slot is cut in the wing immediatel 
behind the spoiler hinge, and a scoop is then 
linked to the spoiler in such a way as t 
admit a varying flow of air through the slo 
as the spoiler opens, thus enabling the hing 
moment characteristics to be varied by 
altering the linkage between the scoop and 
the spoiler (see Fig. 24). 

Later experiments on a Falcon aircrafi 
showed that the hinge moment trouble could 
also be avoided by using circular arc type 
spoilers, provided they were carefully 
designed with their hinge lines at the centre. 
line of the arcs. In these circumstances the 
aerodynamic hinge moment could be made 
practically zero, but inertia effects were then 
found to be unpleasant, making small rapid 
control movements difficult. 

This type of spoiler was used with con- 
siderable success on an American night 
fighter, the Black Widow". In this case the 
spoilers were combined with a small feel 
aileron (see Fig. 25). Flight tests at the’ 
R.A.E. on this aircraft showed that although! 
the hinge moment characteristics were satis- 
factory and the effectiveness of the control 
very good, there were considerable inertia 
effects. A similar arrangement tested in this 
country on a Halifax aircraft proved reason. 
ably satisfactory from the feel point of view, 
but at speeds below 130 m.p.h. the rolling 
moment produced by the spoilers was greatl 
reduced and there was appreciable lag. | 

It is seen then that the problem of achiev- 
ing satisfactory feel with spoiler control i: 
still a matter of some difficulty, although the 
problem is not insuperable. There is the 


SECTION A-A 
Fig. 25. 
Retractable arc spoiler on Black Widow. 
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possibility of using power control, a com- 
plication which is accepted for other control 
surfaces on most advanced aircraft. 


2. Lag 
The lag between operation of the spoiler 


and development of the roll depends on the 


fore and aft position of the spoiler, decreas- 
ing with backward movement—and it can 
also be reduced by venting behind the spoiler. 
In the flight tests mentioned on the Vought 
Kingfisher the lag amounted to only about 
0.05 second. Lag was also found to be 
negligible in the Black Widow tests, as well 
as in some flight tests on a plain hinged 
spoiler mounted at about 0.6 chord on a 
small experimental aircraft fitted with a 
drooped slotted aileron. 


3. Non-linear response 


This difficulty arises from the fact that in 
general a plain spoiler does not begin to 
produce an appreciable rolling moment until 
ithas projected a distance of the order of 0.02 
of the wing chord above the wing surface. 
The difficulty can be removed entirely, at any 
rate for circular arc spoilers, by venting 
behind the spoiler (see Ref. 15). There is 
also the possibility of altering the gearing to 
give a large rate of movement of the spoiler 
near the neutral position, though the inertia 
problem would probably be worsened by this 
device. 


4. Loss of overall lift and excessive yawing 
moment 


No quantitative observations of these 
effects have been made, but they may con- 
stitute the most serious objection to the use 
of spoilers. It is possible, in fact, that much 
of the unpopularity of spoilers with pilots, 
especially in rough weather, arises from the 
loss of overall lift which occurs when the 
spoilers are applied. The yawing moment 
difficulty could be overcome by designing 
spoilers which operate on the lower, as well 
as the upper, wing surfaces. 

It will be seen then that while flight tests 
on spoiler controls in the past have not been 
very encouraging, they do not rule out the 
possibility of designing spoilers which may 
be reasonably satisfactory. In view, there- 
fore, of the greater arguments in favour of 
lateral controls of this type arising from the 
use of sweepback and other design trends, 
there seems to be a case for reconsidering the 


use on modern designs and perhaps for 
further flight research to investigate the 
points which remain doubtful. 


3. GENERAL AERODYNAMIC 
RESEARCH IN FLIGHT 


The investigation of more or less funda- 
mental aerodynamic problems in flight is not 
easy but valuable work undoubtedly can be 
done in this field. It is also possible to use 
aircraft simply as an alternative means to a 
wind tunnel of providing the air flow in 
which to test models. Two examples which 
illustrate the sort of work which can be done 
in this connection will be discussed briefly. 
Both are concerned with the investigation of 
compressibility effects. The first concerns 
the detailed investigation of shock wave 
characteristics in flight; the second concerns 
a method of investigating aerodynamic 
characteristics at transonic speeds by mount- 
ing small models in the region of high speed 
flow on an aircraft wing. 


3.1. FLIGHT RESEARCH ON THE 


CHARACTERISTICS OF SHOCK WAVES 


In order to understand fully the nature of 
the compressibility effects which occur on an 
aircraft it is desirable to examine in detail the 
characteristics of the air flow round the air- 
craft. The usefulness, for example, of 
methods of photographing or visualising the 
shock waves on an aerofoil has been 
recognised in wind tunnel work. The appli- 
cation of these methods to the study of the 
inter-action between the shock wave and the 
boundary layer, particularly by Ackeret and 
by Liepmann is an outstanding example of 
the value of such methods. All this wind 
tunnel work has been done at low Reynolds 
numbers and the need to extend the 
investigation to the Reynolds numbers and 
conditions of full scale aircraft is obvious. 
Many attempts therefore have been made to 
devise methods of photographing or visualis- 
ing shock waves in flight, and two interesting 
methods have been developed recently by Dr. 
Lamplough at the Royal Aircraft Establish- 
ment. 

The principle of the first, known as the 
“Contour Method,” is illustrated diagram- 
matically in Fig. 26. A small light source is 
arranged to move chordwise in a Perspex 
fairing mounted on the wing surface. Light 
from this source pours through a chordwise 
slit in a fairing mounted as shown and is 
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reflected by a mirror inside the fairing 
through another parallel slit on to a 
photographic film which moves in a spanwise 
direction. Thus any obstacle placed on the 
wing surface between the light and the fair- 
ing will produce a diagonal shadow on the 
film. Similarly any discontinuity in pressure, 
such as occurs at a shock wave, will produce 
a trace on the film. 

Figure 27 shows a typical record obtained 
with this technique on a Vampire. The 
tecord suggests that the shock wave is of 
“corrugated” form, each of the wavy 
diagonal traces on the film coming from one 
of the corrugations. The slope of each of the 
diagonal lines indicates the spanwise position 
of the corresponding corrugation in the shock 
wave. The waves in the diagonal traces 
indicate that the whole shock wave is 
oscillating chordwise at a frequency of the 
order of 30 cycles per second, with very small 
amplitude. 

The straight diagonal lines on the film 


wave CONTOUR RECORD Ma 0-77 


Fig. 27. 
Shock wave contour record on Vampire wing at M=0.77. 


indicate the existence of pressure discon- 
tinuities ahead of the main shock and fixed 
in position, i.e. not oscillating. These were 
found to correspond in position to the rivets 
near a skin joint at the front spar. 

It will be seen that this method is particu- 
larly applicable to the investigation of any 
phenomena involving shock wave oscillation, 
or to the location of small shock waves 
caused by imperfections in the wing surface, 
as well as the main shock itself. 

The method does not, however, enable the 
nature of the shock wave itself to be 
examined, nor its inter-action with the 
boundary layer, and an attempt has been 
made to develop a method of obtaining 
“profile” photographs of the shock waves 
in flight. 

In this method a parallel beam of light 24 
inches high by 5 inches wide, from an astro- 
graph bulb and collimating lens, is projected 
along the plane of the shock wave and then 
condensed through a small aperture into a 
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Fig. 29. 
Shock wave profile record on Vampire wing at M =0.77. 


Robot camera without a lens (see Fig. 28). 
Fig. 29 shows a typical result obtained by 
this method. The photographs are compli- 
cated by the presence of shock waves arising 
from the lens installations, but it is possible 
to locate the spanwise position of the shock 
waves from the lateral shift of the shadows 
ina small band of light passing through a 
glass wedge near the collimating lens. 


When the photograph shown in Fig. 29 
was taken the boundary layer was turbulent 
at the shock wave, and its thickness is clearly 
seen. Attempts have been made to improve 
the wing surface so as to get the transition 
back to the shock wave, but so far without 
success, 


The potential usefulness of both these 
methods is obvious, not only for basic 
research on shock wave characteristics under 
full scale conditions, but also to locate and 
investigate the effects of local shock waves 
on particular aircraft. The methods were 
described by Dr. Lamplough'?"’, to whom 


credit for developing these difficult techniques 
is due. 

3.2. TESTS ON MODELS MOUNTED ON 
AIRCRAFT 


The possibility of obtaining useful aero- 
dynamic data by mounting models in the air 
flow round an aircraft in flight is obvious 
and the method has been used occasionally in 
the past. Perhaps the most interesting 
application of the method is that in which 
small models are mounted above the wing 
surface of a high speed aircraft, in the region 
where the flow becomes supersonic when the 
aircraft itself is flying at high subsonic Mach 
numbers. In this way the aerodynamic 
forces on the model can be measured through 
the transonic speed range. 

The disadvantages of the method are the 
low Reynolds number of the tests (rather less 
than one million) and the difficulty of obtain- 
ing a sufficiently uniform velocity distribution 
in the region of the model. On the other 
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hand the method enables systematic measure- 
ments of lift, drag and pitching moment and 
possibly damping derivatives to be made as 
in a wind tunnel, and thus provides a means 
of supplementing results obtained from free 
flight experiments without going to the 
lengths of modifying one of the few available 
high speed tunnels to operate in the transonic 
speed range. 

For these reasons the method has been 
used in the U.S.A."* and in Canada using 
North American P.51 (Mustang) aircraft and 
in Great Britain using a Vampire. 

On both these aircraft it was found necessary 
to modify the wing section by means of a 
“‘ glove” over a short length of the span in 
order to provide a region of reasonably 
uniform pressure gradient at transonic 
speeds. Figs 30 and 31 show the distribution 
on the surface of the plane wing of the 
Vampire, and over the glove which was 
eventually designed for the aircraft (Fig. 32). 
With this glove there is still a variation of 
the order of 0.009 in Mach number per inch, 
in the worst case, but experience so far 
suggests that in spite of this, reasonably 
reliable results can be obtained, at any rate 
for wings of not more than about four inches 
semi-span and fairly small aspect ratios. 

The models are mounted on a turntable 
flush with the surface of the glove, and the 
forces on it measured by means of a three 
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component strain gauge balance mounted 
inside the wing. 

The results obtained with this technique 
have been in fairly good agreement at sub. 
sonic speeds with wind tunnel measurements 
made at the same Reynolds numbers. There 
has also been reasonable agreement with free 
flight and full scale tests in the few cases 
where comparisons have been possible. Figs, 
33 and 34 show some comparisons made for 


a swept wing tailless aircraft and a 90° delta} 


wing. 

It seems that the results obtained by the 
so-called wing flow technique give a reason- 
able indication of the trends likely to occur 
at transonic speeds. The method, therefore, 
can be regarded as a useful, though tem- 
porary means of supplementing transonic 
measurements by the free flight model tech- 
nique until transonic wind tunnels capable 
of operating at higher Reynolds numbers 
become available. 


4. RESEARCH AIRCRAFT 


As have been seen from the examples 
given, there are three classes of aircraft used 
in flight research: — 

(1) Standard operational or Service aircraft, 
such as Meteors and Vampires. 

(2) Standard aircraft modified in some way 
to enable particular lines of research to 
be pursued. 


(3) Purely experimental aircraft, designed, 


and built solely for research. 


Many aircraft of the third class have been | 


built in recent years. Outstanding examples 
in Great Britain have been the Armstrong 
Whitworth 52 built for research on_tailless 
and all-wing designs; the de Havilland 108. 
also built for research on a tailless layout 
but particularly to investigate the effects of 
sweepback; the Avro 707 and Boulton Paul 
P.111, designed for research on the so-called 
Delta plan forms; the Hawker P.1052 and 
Supermarine Swift were also built as research 
aircraft. Many pure research aircraft have 
been built in the U.S.A. also, such as the 
supersonic rocket-propelled Bell XS-1; the 
Douglas Skyrocket and Skystreak, and the 
Republic XP-91, all designed for research on 
sweepback, and the well-known range of 
experimental tailless aircraft built by 
Northrop"®’. 

There have been many research aircraft 
also belonging to Class (2) above, such as 
those mentioned in the sections of this paper 
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Local Mach number distribution on bulge fitted to Vampire wing. 


dealing with spoiler control and boundary 
layer research. 

It is suggested sometimes that research air- 
craft of these types do not repay the 
undoubtedly great expense involved in 
designing and building them. Nothing could 
be further from the truth. The general back- 
ground of actual flight experience provided 
by such aircraft is undoubtedly of incalcu- 
lable value, not only in pointing the way to 
improvements in the design of Service air- 
craft, but also in drawing attention to 
problems which may need fuller investigation 
by other methods. Occasionally the results 
obtained from a research aircraft are some- 
what negative in the sense that they indicate 
the particular approach being investigated to 
be the wrong one. At other times the results 


give the designer confidence, which no 
amount of wind tunnel testing could have 
given, to go ahead with the much greater 
risks and commitments involved in an 
advanced production design. In either case 
the aircraft will have provided information 
and experience which could not have been 
got in any other way. 

There are three provisos, however. The 
rate of progress which has to be maintained 
in these days, both in research and in produc- 
tion, is so great that a research aircraft, if it 
is to pay its way, must be built in a very 
short time. It is of little use planning 2 
research aircraft if it is to be four or five 
years before it begins to provide the neces- 
sary experience and data. By that time the 
risks and gambles which the aircraft is 
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Wing flow-profile shape of bulge fitted to Vampire wing. 


designed to investigate will have had to be 
taken on a production design. It is not easy 
to design and build a very advanced aircraft 
in, say 18 months, but a research aircraft has 
many advantages in this respect. Risks can 
be taken with less dire consequences than on 
a production aircraft; the frequent changes 
in requirements, equipment, and so on, 
which often delay an operational aircraft 
should not occur on a research aircraft; and 
many considerations which affect a produc- 
tion aircraft, such as ease of mass production, 
maintenance, accessibility of armament, and 
sO on, are not so important. 

The second proviso is that once the air- 
craft has been built, the research work for 
which the aircraft was intended should have 
the highest priority, and should proceed with 
the utmost energy and resource, often to the 
exclusion of many tests to which a normal 
service prototype is subject. There may be 
exceptions to this rule, as when an aircraft 
capable of easy development to an opera- 
tional type shows such immediate promise 
that it is in the national interest to concen- 
trate on converting the aircraft to its 
operational role. A safeguard against such 
an eventuality is to provide second and third 
prototypes following closely on the first, and 
probably this should be a general policy on 
all research aircraft. 

The third proviso is the obvious one that 
all the research aircraft to be built should be 
carefully planned in advance so that the field 
can be covered as adequately as possible 
with the minimum number of designs. This 
is not easy, since it requires a delicate balance 
between the needs of research as a whole, 
and the needs of the individual firms con- 
cerned who have to build the aircraft. The 
proviso, however, is particularly important 
in Great Britain with its limited resources. 

If these provisos are fulfilled I do not think 
there can be any doubt in the minds of either 
those responsible for research, or those 
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responsible for using the results in designs, 
as to the value of research aircraft. 


5. THE PILOT 


It would be inappropriate in a lecture of 
this nature not to make some reference to the 
most important link in the whole process of 
flight testing, namely, the pilot. The success 
of a flight test is often entirely dependent on 
the knowledge, skill, and determination of 
the pilot, and this country is fortunate not 
only in possessing some of the finest test 
pilots in the world, but also in having built 
up an unrivalled organisation for training test 
pilots of the future. 

Few will deny that in recent years the 
work of the test pilot has been becoming 
steadily more difficult. Not only have the 
normal difficulties and hazards of test flying 
been increasing, owing to Mach number and 
other new effects, but the problem of under- 
standing clearly the objectives of his work 
has worsened with the increasing complexity 
of the test required. It may not be unprofit- 
able, therefore, to state briefly what in the 
lecturer’s opinion are the qualities which are 
now demanded of an ideal test pilot, from 
the technician’s point of view. ' 

The first requirement is that he should be 
an exceptionally good pilot on normal 
standards, quite apart from test flying, 
capable of accurate flying under all condi- 
tions, and above all keen and enthusiastic 
about flying in general and test flying infin flight 
particular. He must have the capacity fot/one ex; 
describing clearly and objectively all thatffight re 
happens in a flight test, keeping an openfthis coy 
mind and avoiding whenever possible thefstudy. 
temptation to interpret what happens in thefwith the 
light of his own technical background. It isfanother 
not, for example, desirable for a_ pilot’sftouched 
report to read: “ At a Mach number of 0.9fmade o 
the lateral stability derivative /, becamejThese ; 
positive and there was some evidence thatfesearch 
ime and 
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aileron reversal speed was being approached, 
as well as an indication of a deterioration 
in /.” In other words the pilot should 
always try to describe what happened rather 
than what he thought caused it to happen. 
On the other hand he must be willing to try 
to understand the technical objectives of each 
experiment, even when the experiment seems 
10 him mysterious and academic. Only a 
very broad technical background is needed 
for this purpose, the sort of background 
which is provided by the Empire Test Pilots’ 
School in this country. Beyond this all that 
is needed is for the pilot to keep in constant 
touch with the technicians, taking an active 
interest in the results being obtained, as well 
asin the methods and techniques used in the 
tests themselves. In doing this he must try 
{0 maintain a critical outlook, not hesitating 
to make suggestions or criticisms when 
necessary. Finally, a requirement common 
to everyone concerned with experimental 
work: the ideal test pilot must be capable 
of a high degree of patience and persever- 
ence. In many tests the necessary accuracy 
can often only be achieved after long and 
patient effort on the part of the pilot, while 
some tests cannot be made at all without a 
combination of skill and perseverence. 

Fortunately these are qualities which are 
possessed in abundant measure by many 
British test pilots, and the lecturer would like 
to take this opportunity of paying a special 
tribute to all the pilots who have taken part 
in the work described in this lecture. A very 
large measure of the credit for this work 
must go to them. 
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_ Many important and fascinating aspects of 
d befflight research have not been mentioned and 
rmalfmany others have been dealt with very 
ying.finadequately. The extremely interesting 
mdi-fwork of Milliken and others in the U.S.A. in 
asti¢}measuring the stability derivatives of aircraft 
g fin flight by the forced oscillation method is 
j fotfone example. This is an application of 
thatffight research which has been neglected in 
open this country, but which might repay a little 
thefstudy. Flight research concerned directly 
1 thefuith the landing and take-off of aircraft is 
It Sianother extensive field which has hardly been 
ilot'sftouched upon; nor has any mention been 
f0.9made of stalling and spinning problems. 
cameThese and many other aspects of flight 
thatfesearch have been omitted in the interests of 
Ime and space. 
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Perhaps enough has been said, however, 
to demonstrate the great part which flight 
research has played in efforts to extend 
knowledge and to build better aircraft. Much 
still remains to be done, and indeed the 
future, as we move from the transonic to the 
supersonic era, will hold problems as difficult 
and as interesting as at any time since the 
day when it all began, half a century ago. 
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Fig. 33. 


Comparison of wing flow results with high speed 
tunnel and flight results for swept wing tailless 
aircraft. 
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Comparison of wing flow results with high speed 
tunnel and free flight results for 90° delta wing. 
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designed to investigate will have had to be 
taken on a production design. It is not easy 
to design and build a very advanced aircraft 
in, say 18 months, but a research aircraft has 
many advantages in this respect. Risks can 
be taken with less dire consequences than on 
a production aircraft; the frequent changes 
in requirements, equipment, and so on, 
which often delay an operational aircraft 
should not occur on a research aircraft; and 
many considerations which affect a produc- 
tion aircraft, such as ease of mass production, 
maintenance, accessibility of armament, and 
sO on, are not so important. 

The second proviso is that once the air- 
craft has been built, the research work for 
which the aircraft was intended should have 
the highest priority, and should proceed with 
the utmost energy and resource, often to the 
exclusion of many tests to which a normal 
service prototype is subject. There may be 
exceptions to this rule, as when an aircraft 
capable of easy development to an opera- 
tional type shows such immediate promise 
that it is in the national interest to concen- 
trate on converting the aircraft to its 
operational role. A safeguard against such 
an eventuality is to provide second and third 
prototypes following closely on the first, and 
probably this should be a general policy on 
all research aircraft. 

The third proviso is the obvious one that 
all the research aircraft to be built should be 
carefully planned in advance so that the field 
can be covered as adequately as possible 
with the minimum number of designs. This 
is not easy, since it requires a delicate balance 
between the needs of research as a whole, 
and the needs of the individual firms con- 
cerned who have to build the aircraft. The 
proviso, however, is particularly important 
in Great Britain with its limited resources. 

If these provisos are fulfilled I do not think 
there can be any doubt in the minds of either 
those responsible for research, or those 
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Wing flow-profile shape of bulge fitted to Vampire wing. 


responsible for using the results in designs, 
as to the value of research aircraft. 
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It would be inappropriate in a lecture of 
this nature not to make some reference to the 
most important link in the whole process of 
flight testing, namely, the pilot. The success 
of a flight test is often entirely dependent on 
the knowledge, skill, and determination of 
the pilot, and this country is fortunate not 
only in possessing some of the finest test 
pilots in the world, but also in having built 
up an unrivalled organisation for training test 
pilots of the future. 

Few will deny that in recent years the 
work of the test pilot has been becoming 
steadily more difficult. Not only have the 
normal difficulties and hazards of test flying 
been increasing, owing to Mach number and 
other new effects, but the problem of under- 
standing clearly the objectives of his work 
has worsened with the increasing complexity 
of the test required. It may not be unprofit- 
able, therefore, to state briefly what in the 
lecturer’s opinion are the qualities which are 
now demanded of an ideal test pilot, from 
the technician’s point of view. 

The first requirement is that he should be 
an exceptionally good pilot on normal 
standards, quite apart from test flying, 
capable of accurate flying under all condi 
tions, and above all keen and enthusiastic 
about flying in general and test flying in 
particular. He must have the capacity for 
describing clearly and objectively all that 
happens in a flight test, keeping an open 
mind and avoiding whenever possible the 
temptation to interpret what happens in the 
light of his own technical background. It is 
not, for example, desirable for a_ pilot's 
report to read: “ At a Mach number of 0.9 
the lateral stability derivative /, became 
positive and there was some evidence that 
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aileron reversal speed was being approached, 
as well as an indication of a deterioration 
in /,.’ In other words the pilot should 
always try to describe what happened rather 
than what he thought caused it to happen. 
On the other hand he must be willing to try 
to understand the technical objectives of each 
experiment, even when the experiment seems 
to him mysterious and academic. Only a 
very broad technical background is needed 
for this purpose, the sort of background 
which is provided by the Empire Test Pilots’ 
School in this country. Beyond this all that 
is needed is for the pilot to keep in constant 
touch with the technicians, taking an active 
interest in the results being obtained, as well 
asin the methods and techniques used in the 
> Of fests themselves. In doing this he must try 
the to maintain a critical outlook, not hesitating 
Soff) make suggestions or criticisms when 
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| Of} work: the ideal test pilot must be capable 
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Perhaps enough has been said, however, 
to demonstrate the great part which flight 
research has played in efforts to extend 
knowledge and to build better aircraft. Much 
still remains to be done, and indeed the 
future, as we move from the transonic to the 
supersonic era, will hold problems as difficult 
and as interesting as at any time since the 
day when it all began, half a century ago. 
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Fig. 33. 


Comparison of wing flow results with high speed 
tunnel and flight results for swept wing tailless 
aircraft. 
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Comparison of wing flow results with high speed 
tunnel and free flight results for 90° delta wing. 
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NOTATION AND ABBREVIATIONS 
b=wing span 
c=wing chord 
C.=lift coefficient 
Cp = drag coefficient 
Cp, = drag coefficient at zero lift 
ACp= increase in drag coefficient 
C,= pressure coefficient 
Cg=suction coefficient (suffixes “U” 
and “L” corresponds to upper 
and lower surfaces) 
Cy = pitching moment coefficient 
c.g.= centre of gravity 
g=acceleration due to gravity 
H.S.T.= high speed tunnel 
K=induced drag factor 
K’, = Manoeuvre margin 
L.E.= leading edge 
1,=rate of change of rolling moment 
coefficient due to sideslip 
1,=rate of change of rolling moment 
coefficient due to rolling 
l:=aileron  effectiveness=rate of 
change of rolling moment coeffi- 
cient with aileron angle 
M= Mach number 
p=rate of roll (radians/sec.) 
R=Reynolds number 
c=S.M.C.=standard mean chord 
T.E.=trailing edge‘ 
V = forward speed (ft./sec.) 
V,=true speed 
V;=equivalent air speed (m.p.h.) 
n=elevator angle 
A=angle of sweepback 
€=aileron angle 
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1. 


H. R. Watson (Sir W. G. Armstrong 
Whitworth Aircraft Ltd.): Mr. Davies had 
drawn their attention to what he described as 
defeatism over laminar flow on Service 
aircraft: that was a matter for the designer, 
and although he agreed there was some 
despondency he would like to defend the 
designers. 

They found aircraft were nearly all fast in 
these days and they had to have the smallest 
possible frontal area and the smallest internal 
volume. The whole of this internal volume 
was filled with equipment. They struggled 
to get that equipment in and the overworked 
simile about the quart in the pint pot was an 
understatement, since the shape of the quart 


|} could at least be controlled. Eventually they 


got the equipment into the aircraft, which was 


.| usually about 20 per cent. bigger than when 
ir) they started; then they found they had to get 


itout again. This gave rise to an enormous 
number of access doors all over the wing, the 
doors having to be both stress carrying and 
quickly detachable. They gave access to 
items such as undercarriage, ammunition, 
control circuits. In their more optimistic 


| moments they hoped that it would be possible 


to place the doors not too close to the leading 


.} edge but in the end they found that the lead- 


ing edge itself had to be thermally de-iced and 
access doors were needed to get the soot out. 


Although he agreed that laminar flow was 


: needed it was often difficult to realise for 
Service aircraft. 


It was noticeable that the violent fluctu- 
ations in the change of elevator angle to 
tim occurred well below the Mach No. of 


1 Lift one; had Mr. Davies found that the relative 
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thickness chord ratios between mainplane and 
tailplane controlled them to a major extent ? 

E. D. Keen (Sir W. G. Armstrong Whit- 
worth Aircraft Ltd., Fellow): He understood 
itto be a fact that, in order to achieve laminar 
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20. Gray, W. E. (1950). A Chemical Method of 
Indicating Transition in the Boundary Layer, 
and some Flight Results on a Low Drag Wing. 
R. & M. To be published. 


21. LampLoucH, F. E. (1951). Shock-Wave 
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DISCUSSION 


flow, a favourable pressure gradient had to 
be produced which inevitably gave rise to a 
high local velocity and a low critical Mach 
number. 

Thus, if the theme of the lecture were 
towards high speed aeroplanes then laminar 
flow had no real place. Only the long-range 
aircraft cruising at a comparatively low Mach 
number could reap the full benefit of laminar 
flow. Therefore, assuming that the rate of 
development was as fast as seemed likely, so 
that even large aircraft would cruise at high 
Mach numbers in the very near future, was 
it worth while continuing laminar flow 
research from a performance point of view 
alone ? 


H. F. Winney (Fairey Aviation Co. Ltd., 
Fellow): It seemed to him that the wing-flow 
method of measuring drag was very useful at 
the present juncture in the history of wind 
tunnel development in Great Britain, because 
it covered a range on speeds for which no 
other tunnel could cater. 

It also seemed that the results obtained so 
far had been promising. In particular, the 
velocity over the wing in the position of the 
model was remarkably uniform. Although 
the model had to be smaller than was 
desirable for a number of tests, the method 
appeared to fully justify the amount of effort 
which had been put into the development. 

In the first picture of the King Cobra, 
showing the laminar flow extending far back, 
he had noticed a line across the wing which 
suggested that there might be turbulent flow 
starting from that point, but in view of the 
fact that this supposed turbulent flow had 
not extended back there might be some other 
explanation. Could Mr. Davies explain this 
line ? 

C. V. Murray (Deputy Chief Engineer, 
Armaments Division, Sir W. G. Armstrong 
Whitworth Aircraft Ltd.): With a tailless all- 
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wing aircraft, despite the advantages of such 
devices as laminar flow, boundary layer 
control, which were introduced with the 
laudable object of reducing drag, they had to 
have a bigger wing surface because of the 
inherent limitations of Cymax. 

Another thing with which they had to 
contend was the prevention of flies affecting 
the “super” smooth surface of the wing. 

What was the lecturer’s attitude towards 
the development of tailless aircraft as against 
an aircraft fitted with a tail ? 

H. M. Woodhams (Sir W. G. Armstrong 
Whitworth Aircraft Ltd., Fellow): From the 
practical side, he had suffered from laminar 
flow wings and flush riveting, and remem- 
bered going to considerable trouble with flush 
riveting on the leading edge of one particular 
aircraft, and shortly afterwards had to fit 
rubber sausages on the leading edge to deal 
with the de-icing problem, and was told that 
this did not appear to affect the performance 
of the aircraft. 

It seemed to him that what was wanted 
was a machined wing, as he did not think that 
they would achieve their ideal by a built-up 
wing due to the amount of riveting; even with 
a machined surface it would appear that the 
“Oldest Designer Known” could stick fly 
legs on the leading edge and put them back to 
where they started. 

C. Ainsworth Davis (Rolls-Royce Ltd., 
Associate Fellow): The lecturer had referred 
to a Meteor fitted with special section wings 
incorporating suction slots. In company with 
other people whom he thought might be 
present, he had been concerned in the design 
of this installation and if security permitted, 
it would be interesting to hear of the results 
obtained. 

Were the cameras fitted to wings to take 
pictures of shock waves ordinary cameras, or 
were some special optical features required ? 
Some years ago amateur observers of speed 
record attempts had said that visible shock 
waves appeared above the leading edge of the 
Meteor inner wing section. Was _ this 
possible ? 

R. J. B. Woodhams (A. V. Roe & Co. Ltd., 
Associate Fellow): The lecture had almost 
renewed his enthusiasm for flight research, 
but he had found the process of getting 
aircraft, installation, and weather, all satis- 
factory, at the same time, quite harassing. 
Would Mr. Davies tell them his experience on 
the actual percentage of flying time wasted 
due to faulty instruments. 
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There had been a lot of talk about laminar 
flow, but at cruising speeds induced drag was 
equally important and recent tests had shown 
that the induced drag factors were becoming 
quite large. Was there any serious research 
taking place to discover the variables con. 
trolling the induced drag factor ? 


Would Mr. Davies give his opinion on the 
value of scale flying models? Although 
proving in principle the flying qualities of 
unorthodox aircraft, control characteristics 
could not be ascertained to any degree of 
accuracy because of the lower Reynold 
number and lift coefficients at the same Mach 
number. It was impossible to arrange 
identical flight conditions of Mach number, 
Reynolds number and lift coefficient for the 
model as on the full-scale aircraft. 


Peter Kahn (Graduate): Were there any 
transonic wind tunnels capable of operating 
for a Mach number of one ? 


S. H. Ellis (Sir W. G. Armstrong Whitworth 
Aircraft Ltd., Graduate): One of the graphs 
which had _ been shown _ illustrated the 
variation of /, with C;,: did this involve an 
estimated value of /:? Would the lecturer 
elaborate upon the technique used to deter- 
mine and /:. 


R. Hall (Armstrong Siddeley Motors Ltd): 
Had the lecturer obtained satisfactory agree- 
ment between engine thrusts measured in} 
flight and the estimated thrusts ? 


J. Morris (Flight Research, Sir W. G. 
Armstrong Whitworth Aircraft Ltd.): He 
was disappointed that the lecturer had only 
mentioned in passing the oscillation technique 
used for determining the aerodynamic 
derivatives in flight. It seemed to him that 
that method was the only one available for 
determining those derivatives through the 
transonic speed range. 

Taking, for example, the longitudinal} 
stability, the method used at present was that 
developed by Gates and Lyon and as they 
pointed out themselves, the application of 
the method was extremely doubtful above the 
shock stall. 

So far as he knew this method had never 
been checked experimentally at high Mach} 
number, and yet there were many reports 
from the R.A.E. and Boscombe in which it 
had been used to determine static and 
Manceuvre margins on aircraft flying at, of 
near, their limiting Mach number. The 
oscillation technique did not suffer from the 
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deficiencies and he was surprised that it had 
not been tried in Great Britain. 


C. A. Mathias (Rotol Ltd.): The lecturer 
had said that the Reynolds number was an 
important factor, and the Mach number also 
was an important factor. Where in the speed 
range did they drop the Reynolds number 
and pick up the Mach number ? 


MR. DAVIES’ REPLY 


Mr. Watson: He agreed that the practical 
problems involved in achieving laminar flow 
on high speed aircraft, and at the same time 
providing such necessities as access doors and 
de-icing equipment, were extremely difficult. 
He did not underestimate these difficulties 
and sympathised with the hard life of a 
designer in his attempts to cope with them. 
The fact remained that the gains which might 
be obtained by achieving laminar flow were 
so large that a considerable effort was worth- 
while. 

There was no doubt that quite a large part 
of the fluctuation in stability of elevator angle 
and trim often arose from the tailplane itself, 
rather than from the wing surfaces, but it was 
not always possible to separate the effects. 
The indications were that with a thickness- 
chord ratio of around 10 per cent. and a 
sweepback of, say 35°, there were consider- 
able variations in trim and stability origina- 


‘ting from the wing and the downwash at 


the tailplane. Those variations might be 
accentuated by compressibility effects on the 
tailplane itself. Merely making the tailplane 
thinner therefore might give some improve- 
ment, but would leave the main effect on the 
wing and the downwash unchanged. 


Mr. Keen: The production of a favourable 
pressure gradient did not necessarily entail 
a high local velocity, as had been suggested. 
On the contrary, an extensive region of 
favourable gradient implied, in general, a 
lower maximum suction and a higher critical 
Mach number. 

It was true that once they got into the 
region of transonic speed, where the aircraft 
Were operating in the region of compressi- 
bility drag rise, the gain to be obtained even 
by making the transition move from the 
leading edge to, say 50 or 60 per cent. of the 
chord, was proportionately not very large. 
But when they thought in terms of commer- 
tial aircraft they were still some way away, 
thank goodness, from operating aircraft well 
into the compressibility region. 


Mr. Winny: He should have explained the 
line in Fig. 6. It arose from the fact that in 
the course of the tests, when the transition 
was far back the front part of the wing was 
wiped before take-off, the object being to 
reduce the contamination during take-off by 
insects and particles of dust, and all the mark 
indicated was that the wipe extended back 
just to there. The effect of the wipe appeared 
to produce reaction just in that region but it 
was an artificial line and had no relation to 
laminar flow. 

Mr. Murray: The development of tailless 
aircraft produced a wide range of problems, 
and Mr. Murray had mentioned some of 
them. The limitation in the maximum lift 
coefficient available for landing, for example, 
was an important disadvantage of the tailless 
layout, but he would like to emphasise that 
this was due to the difficulty in using flaps on 
tailless aircraft, rather than to any loss in 
Cimax due to using low drag wing sections. 
There were also difficulties in coping with 
the trim changes over the complete speed 
range of a high speed tailless aircraft. On 
the other hand, there was a_ substantial 
amount to be gained in drag on an aircraft 
large enough to be an all wing aircraft, with- 
out a fuselage. He thought that in spite of 
the disadvantages of tailless aircraft, attempts 
to develop such aircraft should not be 
abandoned at this stage. 


Mr. H. M. Woodhams: He could only 
sympathise and add once more that the gains 
which were there to be obtained, if they 
could obtain them, were so great that it was 
well worth while carrying on with those 
investigations. He thought that the attainment 
of real laminar flow, with transition at, say 65 
per cent. of the chord, was impractical at the 
present time, but it might not be impractical 
for ever, and some half way house in the 
meantime was possible. The mere fact that 
they could not achieve the perfect was no 
argument for not trying to go half way. 

Mr. Ainsworth Davis: It was only the 
attempt to choose the aspects which he 
thought would be of general interest which 
had made him omit the work on the Meteor 
with boundary layer suction wings. This 
work was in fact dealt with in the written 
version of the lecture. The first thing found 
was the inevitable one that the wing surfaces 
were not good enough for the transition to be 
back to the slot near the trailing edge and it 
had to be back to the slot before the suction 
became effective. With the transition at the 
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leading edge it would have needed many 
times as much suction to produce an extractor 
action. They spent a long time improving 
the wing so as to get the transition back, and 
eventually got it to within two or three inches 
of the slot. The effect of the suction was then 
appreciable, but it still did not show the full 
gain which they had been led to expect from 
the wind tunnel tests on that sort of wing. 
The reason was the accumulation of a large 
number of small defects, which were 
described in the written lecture and served 
to illustrate the extreme difficulty of achieving 
the desired objective in practice on a wing of 
this type. 

The experiment also showed that the 
aircraft was flyable even with the suction off. 
He thought that the practical difficulties and 
the accuracy needed with this type of wing 
was of a high order and that the standards 
needed in that sort of design were too high 
for a practical aeroplane. 

The camera used in the shock wave profile 
photographs was a German robot camera 
with the lens removed. 

The camera used in the first method was 
specially made to fit inside the wing of the 
Vampire. 

As to whether shock waves could be seen, 
it was probable that they could see them if 
they were in the right position. But the thing 
which most people thought were shock waves 
were condensation waves. He doubted 
whether the whole shock wave could be seen 
in any circumstances. 


Mr. R. J. B. Woodhams: He agreed that 
the business of weather, instruments not 
being in working order, and_ aircraft 
unserviceability, were circumstances which 
did cause considerable discouragement in 
flight research, but in spite of them a certain 
amount of work did go on, and a remarkable 
record of flying on experimental aircraft had 
been achieved in Great Britain. That was 
done in spite of the British weather and all 
the other problems and he thought flight 
research paid such dividends that it was 
worth a big effort to overcome the difficulties. 

He agreed that induced drag was important 
and it was perhaps a pity that for various 
reasons it had received only passing reference 
in the lecture. There was no doubt it was 
one of the important problems at the present 
time. Work in that connection had been 
going on and measurements of induced drag 
had been made on a number of aircraft and 
had confirmed that induced drag could be 
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very high in some cases, but they did not fully 
understand the reason. Research was being 
conducted to try to obtain a fuller under. 
standing of the problem. 

His own view was that scale models were 
worth while, particularly if the aircraft being 
designed were large and involved several 
uncertainties and gambles. Then the 
advantage of having at an early stage a scale 
model, even though it did not represent fully 
the characteristics of the aircraft, was well 
worth while. It might only be a low speed 
aircraft which had been designed specifically 
for the sole purpose of investigating the land. 
ing characteristics, but in his experience it 
was often worth the effort and expense 
involved. He made one proviso and it was 
that they should be designed and _ built 
quickly. It was a waste of effort to build 
research aircraft if they were to take three or 
four years to build them. If that occurred 
the gamble which it was designed to investi- 
gate would have been taken before the 
aircraft flew. 

They would have to see in the future that 
they could plan and build their research 
aircraft quickly and use them for research, 
and reduce to the absolute minimum the use 
of such aircraft for exhibition and display. 


Mr. Kahn: There were no useful transonic 
wind tunnels capable of operating at a Mach 
number of one in this country. 

The fact that the models used in the wing 
flow technique were only three or four 
inches span needed to be thought of in con- 
junction with the fact that the aircraft was 
operating at fairly low altitude and at high 
speeds of the order of 500 m.p.h., so that the 
Reynolds number, which was the thing that 
mattered in those tests, was about a million. 
That, in fact, was comparable with the 
Reynolds number and tests done in many 
high speed wind tunnels, but those tunnels 
were not capable of operating at a Mach 
number of one. 


Mr. Ellis: The estimates were made in flight 
by having weights on the wing, thereby 
enabling measurements of /; to be made; and 
by dropping the weight off in flight and 
measuring the immediate response /, could 
be obtained. 

In the lecture there were some curves 
showing measurements of those derivatives 
made on an aircraft. The development of 
a technique of that kind for measurements of 
the lateral derivative in flight was important. 
The tests he had been discussing were done, 
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not so much to determine the derivatives for 
that particular aircraft, but as a means of 
developing the technique. 


Mr. Hall: Measurements of engine thrust 
made using a single pitot in the jet pipe had 
shown reasonable agreement with estimated 
values based on bench measurements of 
thrust. Similarly, on the practical side in 
recent years the actual estimation of the drag 
compared with the drag measurement had 
been steadily improving, he thought, and, 
although methods of estimation did not 
appear to be by any means completely 
proved, they were at any rate better than they 
were five or ten years ago. 


Mr. Morris: He agreed that the oscillation 
technique was the only method by which 
many of the stability derivatives could be 
determined in flight at high speeds. Unfor- 
tunately this method demanded complicated 
and extremely accurate instrumentation. 
With the resources available in Great Britain 
it was doubtful whether it could be used on 
any of the limited number of advanced 
experimental aircraft, which were needed for 
a wide range of research and development 
work. The use of the method on current 
aircraft, like Meteors or Vampires, was of 
doubtful value in his opinion. 
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He would like on the other hand to remove 
the doubts cast by Mr. Morris on the value 
of the more usual stability tests made in 
steady flight. Measurements of control 
angles to trim, and stick forces in level flight 
and in turns and pull-outs were clearly 
valuable in that they provided a quantitative 
measure of the overall characteristics of the 
aircraft. The only point in doubt in the 
transonic speed range was the interpretation 
of these measurements in terms of static and 
manceuvre margins. This doubt was caused 
by the breakdown in the assumptions of 
linearity normally made, and it applied 
equally to the analysis of the oscillation 
measurements. It did not detract from the 
value of the measurements of control angles 
and stick forces in steady flight which were 
useful in themselves. 


Mr. Mathias: His personal view was that 
they could never drop the Reynolds number. 
It used to be thought that they could simplify 
things on the assumption that Reynolds 
number effects were practically non-existent 
in the supersonic speed range. There might 
be some justification for that in the super- 
sonic speed range but there certainly was no 
justification for it in the transonic range 
where the inter-action of the shock-wave and 
boundary layer was undoubtedly important. 
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THE PRINCIPLES UNDERLYING THE 
DYNAMIC STRESSING OF 
AEROPLANES* 


by 


D. WILLIAMS, M.I.Mech.E., A.F.R.Ae.S. 


1. INTRODUCTION 


The purpose of this paper is to explain the principles governing the behaviour of 
structures under transient dynamic loads, such as those encountered by aircraft 
structures during landing or flying in gusty weather. The paper is intended mainly 
for the young aeronautical engineer who may not be particularly well versed in this 
aspect of stress work. 


NOTATION 
x=distance, along beam (Sections 2-6), across span (Appendix III) 
x,=distance along beam of reference section (See Section 6) 
x=displacement in Sections 7-9 and Appendix I and IV 
y=spanwise distance from plane of symmetry in Appendix I. 
(See Fig. 7) 
y=displacement, elsewhere than in Appendix I 
y,, ¥, = displacements in 1st and 3rd modes (See Section 5) 
t= time co-ordinate 
t,, 7 =particular moments in time 
m,m,=Mass per unit length of beam (suffix “0” refers to root section of 
wing) 
m= mass of suspended weight in simple mass-spring system (See Fig. 4) 
m=equivalent mass at tip (Section 2) 
M=whole mass of beam 
M,=equivalent mass at reference section equal to total distributed load 
M,.,M;=half-span wing mass, and half fuselage mass, respectively 
f=frequency (cycles/sec.) 
M,.M,=masses of fuselage and wing engines in Appendix III 
p=frequency (rad./sec.)=circular frequency = 27 
P:, P»=circular frequency in modes | and n 
El=beam stiffness in bending 
w=load per unit length 
n=number of mode=number of half sine waves in length / 
1=overall length of beam; also, in Appendix I, half wing span 
a=amplitude of vibration 
a,=deflection at central reference section in mode (a) of Fig. 2 


*This paper is the basis of a Lecture given to the Southampton Branch of the Society on Ist 
November 1950. 

Dr. Williams is a Senior Principal Scientific Officer engaged in Structural Research at the Royal 
Aircraft Establishment. 
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K.E.=kinetic energy 
v=velocity of element of vibrating system 
v= sudden velocity generated while displacement is still zero. 
k=spring stiffness=load per unit deflection 
K,= equivalent stiffness in mode n 
P,P., P,’=concentrated applied loads 
c=damping coefficient, i.e. force per unit velocity 
Cerit = Critical damping coefficient that gives dead-beat motion 
c’,c,=local wing chord and root wing chord respectively 
=c/ Corit 
¢,=value of « for typical large aeroplane at sea level (See Appendix I) 
W =wing loading in steady horizontal flight (1b. /ft.*) 
V=flight speed 
C,,=lift coefficient 
6=angle of incidence 
dC,,/d6=slope of lift curve 
n=(spanwise distance from plane of symmetry)/(half wing span) 
|=y/l in Appendix I. See Fig. 7] 
p=density of air (slugs/ft.*) 
U=work done 
F=force 
F (t)=force as function of time 
f (n)=[(4n - 1)/3]?=upward displacement in terms of unit tip displace- 
ment (Appendix I) 
A, B=constants 


2. NATURAL MODES OF VIBRATION 


What tends to make the dynamic behaviour of a structure complicated, whether 
aeronautical or not, is the fact that a structure is a continuous system and therefore 
can execute simple natural vibrations in an infinite number of ways; in other words, 
it has an infinite number of degrees of freedom. It is necessary here to define what 
is i by simple natural vibration, or normal mode of vibration, as it is usually 
called. 

Consider a uniform beam AB simply supported at each end and set vibrating 
in the way shown in Fig. 1, where the dotted lines indicate its extreme travel in either 


x 
Cc 
A|l_- 
y 
Fig. 1. 


direction. The oscillation is a natural or normal mode of vibration if every point 
executes, in step with all other points, a simple harmonic motion about its equilibrium 
position at a common frequency. This means that maximum amplitude as well as 
every fraction of maximum amplitude is reached by all points on the beam 
simultaneously. 

If, at any point x, the full amplitude is y,, the displacement y at any time f is thus 


y=y, sin pt, ; (1) 
where p is the circular frequency =2z x (frequency in cycles/sec.). 
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The corresponding acceleration is 
f= p’y, sin pt= — p*y (2) 
and if m=mass of beam per unit length, and 
f=acceleration, 
the downward inertia force per unit length 


Thus for any shape of displacement curve y specified in terms of x there is a 
corresponding distribution of inertia loading mp’y per unit length, but if the chosen 
shape is to be constant throughout the vibration, the inertia loading must be 
equilibrated by the same distribution of elastic resistance loading w per unit length. 
But the elastic resistance loading 


4 
(EI =) (for a uniform beam). 


If the right shape is chosen, therefore, at all values of x 


Elastic loading= Inertia loading 
or EI d*y /dx*=mp’y. y (4) 


In the present example the mathematician is able to state that this condition will be 
satisfied if the displacement curve has any of the shapes given by 


y=asin (nzx/1), : (5) 


where n can have any integral value and the quantity a merely defines the amplitude 
of the curve. 
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n=| n=2 n=3 


(a) (b) 


Fig. 2. 


Thus, for the uniform beam, the shape that satisfies the definition of a normal 
mode of vibration is a simple sinusoidal curve forming one, two, three or any 
number n of loops between the supports. Fig. 2 shows the first three of this infinite 
series of curves. 

The corresponding frequencies can be found at once from (4) which, applied to 


(5), gives 

EI (nz /I)ty=mp’y 
and since p=2z x frequency 


frequency (cycles/sec.)=n? (47/I?)/(EI/m) . (7) 


It is seen from this that the frequency goes up with the square of the number of 
loops, and for the three modes shown, for example, goes up in the ratio 1 : 4: 9. 
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3. RESONANCE MODES 


The normal or natural modes of displacement given by (5) are identical with 
the resonance modes of the beam, and when the mathematician fails (as he often 
does) to find the natural modes, the engineer’s only recourse is to find them by 
experiment—i.e. he applies a small oscillating force to the beam and sets it resonating 
in one normal mode after another. It is known that, to get an appreciable deflection 
with a very small oscillating load, it must oscillate in time with the natural frequency 
of the mode that is sought. As both the mode and its frequency are unknown the 
only thing to do is to start at zero frequency and work up. Every time the frequency 
of the small oscillating force coincides with a natural frequency the amplitude quickly 
builds up, and the shape of the beam and its frequency of oscillation are noted. In 
this way such shapes as Fig. 2 (a), (b), and (c) would be found one after another, 
together with their frequencies, 

It is to be noted that the reason why a resonance mode is identical with a 
natural mode lies in the fact that, first, all the points in the system move in step, and 
second, that the vibration is free, i.e. there are no forces other than inertia forces. 
The latter remark is true because the magnitude of the small exciting force is wholly 
negligible compared with the inertia forces generated. 


4. EQUIVALENCE OF EACH MODE TO A SIMPLE SINGLE-DEGREE-OF- 
FREEDOM ELASTIC SYSTEM 


A point to be noted about any normal mode is that the displacement of any one 
point on the beam is a measure of the displacement at every other point; so that if, 
for example, the displacement at the middle of a loop is known, the motion of the 
whole system is defined in terms of that alone. A representative section chosen in 
this way is usually called a reference section. 

A particular natural mode of a continuous system subjected to distributed 
inertia forces and distributed elastic resistance can thus be regarded, in so far as the 
effect of external forces on amplitude is concerned, as a simple sprung mass in which 
a single equivalent mass and a single equivalent spring take the place of the 
distributed forces named. The procedure for determining the value of these 
equivalent quantities is based on the simple basic principle that any element of 
force, exerted at any section, can be represented by an equivalent element of force 
at the reference section. The criterion of equivalence is that the force element does 
the same amount of work, and hence has the same effect on the amplitude, as it did 
before transference. An example of the method is shown in Appendix I dealing with 
damping forces, but, for illustration, the equivalent mass obtained when mode (a) 
of Fig. 2 is defined in terms of the deflection at the mid-point may be determined 
here. From (5), with n=1, 


Deflection at any section x=a,sin(=x/I) . (8) 
where a, is the deflection at the central reference section. 
For a small element of mass mdx at x, 
Inertia force (from (3) )=(mdx) p*y 
=(mdx) p’a, sin ‘ (9) 


(where p need not be known since it cancels out later). If this is transferred to the 
central section unchanged it will do more work by ratio 


a,/[a, sin (xx/l)] =1/[sin(=x/)]. (10) 

It must be reduced therefore in the inverse ratio so that the work it does is the same. 
Thus 

Equivalent inertia force element at reference section=mp’a, dx 


11) 
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Integrating (11) over the whole beam gives the total equivalent inertia force of 


mp*a, | sin? (xx/1) dx=mp?*a, (1/2) 
0 
=4Mp*a,, where M=whole mass of beam ml. (13) 


If the whole mass M had been transferred unchanged to the centre, the inertia 
force would be Mp’a,, so it is seen that in this case the equivalent mass is half the 
total mass. 

An alternative approach for obtaining the equivalent mass depends on simply 
equating the sum of the kinetic energy of all the elements of mass of the beam to 
the kinetic energy of the equivalent mass. 


Total K.E. of mass elements=4m | v°dx 


=1m p [a, sin (=x/1)|? dx 


0 
(where p may remain unknown or be given unit value) 
=4mp?a,?1/2. 


If equivalent mass is M,, its K.E. is 4M,p’a,’. 
Equating these two values gives M,=ml/2 as before. 


A little thought shows further that the equivalent mass is the same for all the 
modes of the beam, so long as the reference section is chosen in the middle of a 
loop; for clearly only the shape of the loops counts, and that is constant in the 
present case of a uniform beam. 

Reverting to mode (a) of Fig. 2, it is seen that, having found the equivalent mass 
M, from the shape of the mode, the equivalent spring force K, per unit displacement 
can be found immediately from the frequency p,, since 


p,?=K,/M, and therefore K, =p,°M,. 


Every other mode can be represented by an equivalent spring in the same way. 
In the present case, since M, is the same for all modes, the spring stiffness for mode 
n is 


An interesting conclusion is that the deflection produced by applying a given 
load in the middle of a loop varies inversely with the frequency squared, i.e. with n* 
(n being the number of loops). The stress for the same deflection at loop centres, 
however, increases directly with n*. Thus the stress produced by a given load varies 
as 1/n’, which means that a load applied at the mid-point of the beam produces nine 
times more stress in mode (a) than in mode (c) of Fig. 2. 

This is one reason why dynamic stress in the higher modes tends to be 
unimportant. 


5. INDEPENDENCE OF THE NORMAL MODES 


A main feature of the natural modes is their mutual independence. Consider, 
for example, the first three natural vibration modes of the uniform beam of Fig. 2. 
While vibrating freely in any mode it is loaded by inertia forces alone, and their 
distribution is shown in Fig. 3. 

The inertia load distribution is shown each under its corresponding mode. The 
fact that the beam is uniform in this particular example makes the shape of the load 
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curve identical with that of the corresponding mode, but that does not affect the 
argument. 

The three load distributions shown are called the first, second and third Normal 
Loadings and the independence of the natural modes lies in the fact that no “ normal 
loading ” can produce deflection of the beam in any natural mode other than its own. 
Thus, the first Normal Loading, if applied under the condition that displacements 
distributed as in the first mode are denied to it, can produce displacements in no 
other mode—the beam will remain undeflected. The fact is that the normal loading 
of one mode does no work when acting over the displacements in another mode. 

This is immediately proved in the present example by letting the first Normal 
Loading act through the displacements in the third mode. 

Load at x on element dx in Ist mode varies as y,dx. 

Displacement at x in third mode varies as y,. 

Work done by load element in Mode 1 acting through displacements in Mode 3 
varies as y,y,dx 


or sin sin (37x /1) dx. 


Total work throughout the beam= f sin (=x/1) sin (37x/1)dx=0, 


which follows from the fact that 


sin m,@ sin n,6dé@=0 


0 
when mm, and n, are whole numbers, and m, + n,. 


Because of this mutual independence the natural modes are said to be mutually 
orthogonal or normal one to another, hence the term Normal Modes used in place of 
Natural Modes. This property of normal modes is their chief characteristic and 
the main reason for their usefulness. 


6. REPRESENTATION OF EXTERNAL LOAD BY A SERIES OF 
“ NORMAL LOADINGS ” 


It will be seen from the previous remarks that, if the external load could be 
represented adequately by a number of normal loadings, each such loading would 
excite only the corresponding mode and would not affect the others. Each, therefore, 
could be dealt with separately on the basis of the simple equivalent spring. 

Actually it is possible, remarkable though it may seem, to represent any external 
load distribution, however arbitrary, by a series of normal loadings if a large enough 
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number of them is taken. Luckily it is not necessary so to split up the applied load. 
The mere fact that it is possible enables us to avoid having to do it, as the following 
argument proves. When the actual external load is being applied, possibly a single 
concentrated force, it can be imagined as taking the form of the series of normal 
loadings by which it is possible to represent it. When all those normal loadings are 
applied to mode (a) of Fig. 2, for example, none of them has the slightest effect in 
producing displacement (and hence stress) except the mode (a) component, which 
shows that it is quite correct to apply the whole external load in each of the modes 
that is being considered. 

Thus, if the response is required of the simply supported beam in mode (a) to a 
constant force P, suddenly applied at some section x, (and then maintained), it is first 
transferred to the reference section as the equivalent force 


P, =P, an(ex,/). . 


The dynamic displacement in this mode is then obtained from the equation of 
motion for the equivalent simple spring 


where y is the displacement at the reference section, and is a measure of the displace- 
ment everywhere else. On the face of it, it looks as if every normal loading that is 
a component of the applied force must be treated in the same way before the resultant 
displacement obtained by superposing the displacements in the separate modes can 
be found. Fortunately, this is not the case, for only those component normal loadings 
that produce an appreciable overswing need be so treated, as will presently appear. 


7. EFFECT OF RATE OF LOADING ON THE DYNAMIC OVERSWING OF 
A SIMPLE ELASTIC SYSTEM 


Let the system be that shown in Fig. 4 where 
m= mass of suspended weight 
k=spring stiffness (force /unit displacement) 
x=downward displacement. 


Also, let the rate of loading be given by the full line OAB of the load-time 
diagram of Fig. 5, which represents a force growing linearly with time to a value P, 
at time ft, and thereafter remaining constant. A good way of dealing with such a 
time-variation of load is to assume the line OA produced through C indefinitely and 
superpose another precisely similar load, but of opposite sign starting from zero at 
time ¢,. The resultant then gives the curve OAB. 
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It can be shown that up to point A on the load-time curve, the displacement 
can never be greater than it is at A*, which means that only times subsequent to f, 
need be considered in seeking the maximum displacement. The equation of motion 


for OC is 
ma?x/dt?+kx=(P,/t,)t . (17) 
giving x=[P,/(kt,)| [t-(1/p)sin pt]. . . (18) 
For DE the equation is 
giving x= {P,/(kt,)}.( @-t,)-(/p)sinp@-t)} 20) 
For times subsequent to ¢,, the two values of x are superposed to get 
x=(P,/k) [1+ {1/(pt,) }{ (1) 


The first term is the static deflection corresponding to the load P,, and the second 
therefore must represent the added deflection due to the inertia forces. It is seen 
that the fractional increase of deflection over static deflection 


(overswing)/(static deflection) = { sin p(t sin pt } 
1 
which reaches a maximum at time t=7/p+4t, when 
(maximum overswing)/(static deflection)= {2sin(4pt,)}. . (23) 


Fig. 6 shows this ratio for different rates of build-up of the force in terms of the 
number of vibration periods necessary to reach maximum load. 

It is seen at once that if t, is small enough compared with the period (27/ p) i.e. 
if the load is applied suddenly enough, 


(overswing)/(static deflection)=1. 


This agrees with the well known fact that a load applied suddenly produces twice 
the static deflection. Also, as t, becomes large compared with the period 27/ p, the 
overswing becomes negligible, and the inertia loads need no longer be considered, i.e. 
the problem becomes a static one. 


REGION OC OF CURVES A AND B HAS NO 
PRACTICAL SIGNIFICANCE SINCE IT IMPLIES 
EXCESSIVELY HIGH SPEEDS 


t 
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STATIC DEFLECTION 


MAXIMUM DISPLACEMENT BEYOND STATIC DEFLECTION 


__ It is concluded that, if the lowest natural period of a continuous elastic system 
is short compared with the time of build-up of the applied forces, the problem of 
overswing does not arise. 


*This follows immediately from the form of equation (18). 
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8. SEGREGATION OF INERTIA LOADS 


In aeronautical structures it often happens that the lowest natural vibration 
period is not short, when compared with the load build-up time, but the higher 
vibration periods are. This is as much as to say that the inertia forces are negligible 
except in the lowest mode, and that, were it not for the inertia loads in that mode, 
the applied load, no matter what its variation with time, could be regarded as a 
varying static load and the deflection obtained accordingly. 

Clearly, the best course in such a case is first to neglect the inertia loads 
associated with the lowest mode and to treat the applied load entirely on a static 
basis, then secondly to evaluate the neglected inertia loads and find the corresponding 
deflections, in order finally to superimpose the two sets of deflections (or stresses) to 
obtain the resultant effect. The static part of the problem needs no discussion and 
the procedure for obtaining the separate inertia displacement may be exemplified by 
the case of the uniform beam previously discussed for which, for example, the 
inertia loads in the lowest mode alone (i.e. mode (a) of Fig. 2) are not negligible. 

The external loading may be supposed to be a concentrated load applied at 
section x, varying with time in accordance with the load-time curve of Fig. 5. 
Transferred to the central reference section, P, becomes P, sin (=x, /l) as in equation 
(15). Knowing the frequency and the equivalent stiffness in the mode concerned 
(from equation (14)), the resultant displacement may be obtained direct from 
equation (21) by putting K, for k and p, for p. Thus 


x=(P,/K,) [1+ { 1/(pyt,) }{ sin p, (t-¢,) sin p,t } J. (24) 
If from this is subtracted the static displacement P,/K,, what is left, i.e. 
{ P,/(K,pyt,) } { sin p, (t-¢,)-sin p,t}, (25) 


must be the displacement due to the inertia forces. 


The static displacement is at once found from the static bending moment as 
usual, and on adding x, of (25) to this the total displacement is obtained. 


9. EFFECT OF DAMPING 


The effect of damping in reducing the amount of dynamic overswing in any 
system dependent on ordinary structural damping is usually small. The overswing 
for an aeroplane wing, however, suffers a welcome reduction in virtue of the aero- 
dynamic damping, which varies directly with the flight speed. The kind of load-time 
curve shown in Fig. 5 (to a suitable scale) is generally accepted as the one that an 
aeroplane wing in a gust must be capable of taking without failure. The time f, is 
that taken by the aircraft to traverse 100 ft. (i.e. the distance in which the gust grows 
to full strength) and varies, therefore, inversely with the flight speed. 

It follows from this that the faster. the aeroplane travels the more sudden is the 
gust load, and hence the greater the overswing in the undamped case. With damping 
an important new factor enters, in that, the faster the speed, the greater the damping. 
This suggests that there may be a critical speed beyond which the overswing actually 
falls with increased speed. This point is now investigated, and again in terms of the 
load-time curve of Fig. 5 and the simple mass-spring system of Fig. 4, which it is 
known can represent any one of the normal modes of a continuous system such as an 
aeroplane wing. 


Free Vibration with Damping 
The equation of motion for a free vibration is 


md?x | dt? +cdx/dt+kx=0 
or d’x/dt?+(c/m)dx/dt+kx/m=0 . . (26a) 
where the damping term cdx/dt is added, c being the damping force per unit velocity. 
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The solution gives 
x=e [ 2m N ml (27) 


From which it is seen that, if [¢/(2m)|°<k/m, as it always is for air damping, the 
motion is oscillatory, but when 


the motion becomes dead-beat, i.e. an overswing only just fails to take place; and 
what settles the effectiveness of a damping force is the nearness with which it 
approaches dead-beat or critical damping as given by (28). Ordinarily the term 
{c/(2m)|* is much smaller than k/m so that the quantity under the radical in (27), 
which determines the frequency, is nearly enough represented by -k/m, i.e. the 
value for the undamped case. Then 


am) (A sin pt + B cos pt) (29) 
where A and B are constants depending on the initial displacement and velocity, and 
(k/m)=circular frequency. 

By (28) the critical, or dead-beat, damping is given by 
Corit = 2m (k/m)=2mp=2V (km) . (30) 
and (29) can be written in the form 


t 


which shows that the drop in amplitude per period 2=/p, or given fraction of a 
period, depends only on the ratio 


9.1. WALUE OF ¢, i.e. C/Corit, FOR TYPICAL LARGE AEROPLANE 


It is shown in Appendix I that for a typical large aeroplane (with wing engines) 
the value : is likely to be in the neighbourhood of 


Thus, at sea level, for a wing loading of 57 Ib./ft.*, a speed of 400 ft./sec. and a 
fundamental vibration frequency of just under 3 per sec., i.e. p=18 (figures typical 
of a 150 ft. span aeroplane) 


The damping therefore is 14 per cent. of critical for this wing loading, plan form 
and weight distribution. 


9.2. LOAD LINEAR WITH TIME UP TO CONSTANT MAXIMUM—WITH DAMPING 


Turning now to the typical gust loading of Fig. 5, the device previously used 
in the undamped case can be repeated, i.e. on a load increasing linearly with time 
to infinity, another of the same kind is superimposed but opposite in sign and starting 
from time t, (when the external load reaches its maximum) as datum. The equation 
for the first (following equation (26)) is 


: 
1 
4 
| q 
) 4 
) 
> 
=0.14. 
, 
) 
id 
371 
F 


D. WILLIAMS 


from which is obtained 


(35) 
where c= 6p. ‘ . : 


For the numerical values of Section 9.1 z is much less than p, and therefore (2/p)° is 
negligible compared to unity. 


Thus <= cos pt) +e-*' sin pr] « 
On this is superposed the sen motion valid only from t=f,, 
x= ke, {l-e cos p(t-t,)} +e sin p(t 
(38) 
so obtaining, for 
P, P, 1 (t—t,) 
+ sin p(t sin pt+ 
+2 { e~*' cos pt “eos | (39) 


From this it is seen that the fractional overswing is given by 
[1/(pt,)] [quantity in square brackets in (39)]. . (40) 


In calculating the value of t that makes the overswing a maximum, and in 
subsequently calculating the overswing itself, it helps matters to remember that, for 
an aeroplane hitting a gust, 


(the maximum gust force being reached spatially in 100 ft.) so that in equation (33) 
2,=0.36 x 100/(Wpt,) . : (42) 


for a wing loading of 57 lb./ft.*, being therefore independent of the frequency p (but, 
be it noted, dependent on wing loading, plan form and weight distribution). 


Thus at, =36/W 
= constant for these conditions. . (435) 


9.3. EFFECT OF WING FREQUENCY ON OVERSWING 


On examining the expression for the fractional overswing as given by (40) it can 
be seen that, if the time scale is changed at the same time as the frequency so as to 
leave the products, pt, pt,, af and 2f, unchanged, the overswing remains the same. 
This avoids working out the overswing for more than one value of the frequency p, 
and shows that so long as two aircraft traverse the 100 ft. of gust gradient between 
zero and maximum in the same fraction of their vibration period, the fractional 
overswing is independent of the period. This is contingent of course on the wing 
loading, plan form and weight distribution remaining the same. 

Thus, Curve B of Fig. 6, which is drawn on the same time-base as the curve 
for the undamped overswing, applies to any size of aircraft, and it may be iuoted that, 
if the 100 ft. traverse (to reach maximum gust strength) is done in less than half a 
wing vibration period, the fractional (or percentage) overswing actually falls with 
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further increase of speed. Thus the suggestion made earlier is borne out and there 
is a critical speed beyond which the increase in damping more than offsets the 
sharpening of the gust edge in its effect on the fractional overswing. 

It is important to note that the longer the wing period, i.e. in general the bigger 
the aircraft, the greater the benefit from air damping, because it takes place at a 
lower speed. 

Consider, for example, an aircraft of the size of a Brabazon or Princess. The 
fundamental frequency is about 1.6 per sec., giving a half-period of 1/3 sec., so that 
if the 100 ft. gust is traversed in this time the speed is 300 ft./sec. (200 m.p.h.). The 
fractional overswing is at its peak value of 0.37 beyond static deflection as read from 
Curve B of Fig. 6. Suppose now such an aircraft to travel at 400 m.p.h. and so 
traverse the gust in 1/4 of a period. The overswing is now only 0.2 above static but 
the absolute value of the gust load, since the static force itself goes up directly with 
the speed, has gone up roughly in the proportion of 2 (1 + 0.37) to 4(1 +0.2) neglect- 
ing the fact that the deflections in the static and the overswing case are not quite 
identically distributed), i.e. from 2.74 to 4.8. If, on the other hand, the overswing 
had not fallen off but increased to (say) 0.6, the gust load at 400 m.p.h. would be 
4(1+0.6)=6.4, or 35 per cent above its actual value. 

To put the situation in its proper perspective, it may be said that it is a bad 
thing at all times for any aircraft to fly fast into a gust, that it is worse for big 
machines whose slow period accentuates the aircraft speed, but that it is a good thing 
for such big machines that their slow period brings in its train a welcome alleviation 
in the form of a reduced overswing. It would be still better if they had a shorter 
period. 


9.4. SEGRATION OF INERTIA-CUM-DAMPING FORCES 


If, as in the case of the undamped motion of Section 7, the inertia forces are only 
appreciable in the lowest mode, the procedure for obtaining the resultant displacement 
is the same. Thus, the external load, whatever its variation with time, is treated first 
as a correspondingly varying static force. Next is obtained the separate displacement 
from the inertia-cum-damping forces for the lowest mode (if only that mode is 
dynamically excited). This displacement is precisely the overswing discussed in the 
previous section and is obtained by multiplying the static displacement of the system 
in the particular mode (produced by the whole external load) by the fractional over- 
swing. Thus, the stresses that have to be added to the purely static stresses 
corresponding to the external load are the stresses due to the displacement produced 
by the fractional overswing times the external load in the mode concerned. 


9.5. COUPLING EFFECT OF DAMPING FORCES 

There is one complicating factor which damping introduces into the dynamic 
response of a continuous elastic system that is not present when the system is 
undamped. This is the fact that, since the damping forces in any particular mode, 
in general, are not distributed in the same way as the normal (or inertia) loading for 
that mode, they must tend to excite other modes. Conversely the damping forces 
in the other modes affect the particular mode. Thus a coupling effect is introduced 
that is not taken account of if each mode is treated independently. 

The error introduced by neglecting this coupling is not likely to be appreciable, 
because a damping force that is directly proportional to velocity, being thereby 
proportional to amplitude, is correctly distributed if the mass is uniformly 
eo and approaches correct distribution even for a non-uniform distribution 
of mass. 

In many practical cases the difficulty does not even arise because any mode 
higher than the fundamental produces negligible overswing. 


9.6. IF HIGHER MODES ARE EXCITED 


In certain cases, where for example a concentrated load is applied rather 
suddenly, the overswing must be considered in modes higher than the fundamental. 
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The procedure, however, is unaltered. It merely becomes necessary to find the 
inertia-cum-damping loads (corresponding to the overswing) in the corresponding 
modes, as well as in the fundamental mode, before adding them together and 
superimposing them on the purely static deflections. The latter (as indicated in 
Section 6) automatically and correctly takes full account of all the higher modes 
that have no overswing. 


10. APPENDICES 

For ease of presentation a simply-supported uniform beam has been used but 
a free-free system such as an aeroplane in flight is equally straightforward to deal 
with, as shown in Appendix III—so long as the appropriate normal modes and theit 
frequencies are known. When direct resonance tests are impracticable, something 
can be done by calculation, but the best alternative is probably a resonance test 
on a suitably simplified model of the actual aeroplane. 

Appendix I shows how an estimate of the ratio < can be made with the least 
resort to particular numerical values. It also discusses the effect of frequency on 
damping. 

Appendix II shows why the dynamic effects are usually important in the funda- 
mental mode alone, while Appendix IV discusses a convenient method for dealing 
with external loads that are awkward functions of time for analytical treatment. 
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APPENDIX I 


QUANTITATIVE ESTIMATE OF WING DAMPING IN A GUST 


1. INTRODUCTION AND ASSUMPTIONS 
It is possible to estimate the value of the air damping of a wing in a gust in 
terms of the general characteristics of the aeroplane—i.e. without having to introduce 
concrete values for masses, elastic stiffnesses and so on. Such a general approach 
is adequate for arriving at an approximate figure for the amount of aerodynamic 
damping, and therefore provides a firm basis for estimating the importance of air 
damping in reducing the maximum stress induced by gusts. 
In considering the behaviour of a typical aeroplane, certain assumptions have 
to be made about its characteristics, and these may be listed here 
(i) Wing loading= W Ib. /ft.* 
(ii) Flight speed=V ft. /sec. 
(iii) Taper ratio=4 : 1 for the wing plan form 
(iv) Lift curve slope dC; /dé=4.0* 
(v) Lowest (fundamental) frequency of the wing in bending=p rad./sec. = 
p/(2=) cycles/sec. 
(vi) Shape of the fundamental mode of the wing is parabolic (See Fig. 7) 
(vii) The aeroplane carries outboard engines 
(viii) Weight distribution is as follows when little petrol is carried: 
Wing structure and fuel=25 per cent. 
Fuselage plus contents =45 per cent. 
Engines =30 per cent. 


*This assumed numerical value for the slope of the lift curve is the one most open to uncertainty 
in this estimate of wing aerodynamic damping. 
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Fig. 7. 


Fig. 7 shows the wing in its fundamental mode (shown dotted) displaced relative 
to the original straight line. 


Let y=spanwise distance from the plane of symmetry 
1=half span 
y=y/l=1 at the tip A 
f (j)=upward displacement in terms of unit tip displacement 
= | - 1)/3]? 


thus giving unit displacement at the tip, zero displacement at the node N, where 
»=1/4, and a negative displacement at the centre O (,=0) of amount 1/9 of the unit 
tip displacement. 


It is assumed that the engines are situated closely enough to the nodes N to 
produce negligible inertia loads when the wing oscillates in the given mode. 


Further, let c,=root chord, 
and therefore, elsewhere c’=(c,/4) (4-3) 


so as to give the 4: 1 taper ratio assumed. 


2. GENERALISED FORCES 


Since the tip displacement x is at all times a measure of the displacement at all 
other sections, all forces—inertia, elastic and damping—can be referred to that 
section. This means, for example, that the damping forces actually distributed over 
the entire wing can be represented, in so far as their effect in producing wing 
displacement in the particular mode is concerned, by a single damping force at the 
tip. 

The equation of motion can thus be written in terms of the displacement x at the 
tip. Following equation (26) we have 

md?x/dt® +cdx/dt+kx=0 . (44 
where mis the effective mass at the tip 
c is the damping coefficient per unit tip velocity 
kK is the elastic coefficient per unit tip deflection. 


Thus d°x/dt?+(c/m)dx/dt+kx/m=0 . . (45) 
_ [Gy - 


the solution of which is x (46) 
Following equation (31) of the main text, this can be written in the form 
x=e Net’ (A sin pt+Bcos pt) . (47) 
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Thus the damping characteristics can be found if the frequency p and the ratio 
€=C/Cerit=C/(2mp) 
are known, which makes it necessary to know #m as well as p. 


3. EQUIVALENT DAMPING FORCE AT TIP (FOR HALF-SPAN) 


To obtain c, the effective total damping force at the tip per unit velocity at the 
tip, each element of damping force at whatever section 7 it occurs in the span, is 
transferred to the tip in such a way that its displacement-producing effect is 
unchanged. In other words the work done by the force element must be unchanged 
by the transference, so that the force element must be reduced in the ratio of the 
displacement at » to that at the tip, /.e. in the ratio f(y) given by the curve of the 
fundamental mode. 

Proceeding thus, and assuming a tip velocity of 1 ft./sec. 


Velocity at section =f (») 
Consequent effective change of incidence ¢=f(n)/V 
Consequent change of lift coefficient =6dC,/d6 ; . (48) 


=4f (n)/V . (49) 
(if dC;,/dé=4). 
Change of lift per element of span /dy 


= (4f (n)/V)4pV* (c’ldn) (where c’=chord) . (50) 
Transferring this to the tip as already described gives 
Tip element of lift =2f? pVc’ldy ‘ ‘ 
Integrating for all the elements in the semi-span gives 
1 
Tip force =2pVIe, | {(c’/e)f dn. 
0 
or, since - 3n)/4 
and f (n)= [(4y - 1)/3]?. 
1 
4 
Tip force (for semi-span)=2V pe | } dy 
0 


(if p is in slugs/ft.* of air, V in ft./sec., 7 and c, in ft.). 


4. EQUIVALENT MASS AT TIP (FOR HALF-SPAN) 

Before the equivalent mass at the tip can be found it is necessary to assume a 
distribution of mass over the wing itself, as well as the distribution as between wing, 
fuselage and engines. Starting from the wing loading, W lb./ft.* in level flight, it is 
seen that 

Total mass of aeroplane=(W / g) x 2/ x (average chord) 
=(W /32) x 21 x Se, /8 


Now when an aeroplane strikes a gust the lift from the gust suffers a slight 
reduction due to the craft moving up with it and, if the aeroplane is stable, a 
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favourable nose-down pitching. If, however, the gust is sharp—and that is the 
dangerous type—such alleviation is negligibly small. The absolute value of the gust 
load therefore tends to be independent of the wing loading. As a fraction of the 
wing loading the gust load varies inversely with the loading; and so therefore does 
the normal acceleration. This means that, as the wing loading varies with the 
amount of petrol carried and the fuselage weight remains sensibly constant, the 
normal acceleration given to the fuselage by the same gust increases as the petrol is 
used up. The mass distribution for nearly empty petrol tanks is considered therefore 
as being the critical case. An average distribution is that already given, i.e. 


Wing (structure plus fuel)=25 per cent. 
Fuselage plus contents =45 per cent. 
Engines = 30 per cent. 
Thus, half-span wing mass, M,.=0.125 x (total mass) 
=0.005Wc,] slugs, 
half fuselage mass, M;=0.225 x (total mass) 
=0.009We,]. 


If the reasonable (but arbitrary) assumption is made that the wing mass varies 
as the square of the chord, assuming , to be the mass per unit length of span at 
the root, 

1 i 


{ mldn=m,l | (c’/c,)’dy 


0 0 
1 
= (Im, / 16) (4 — . (56) 
0 
or 0.44/m, =0.005Wc,l 
and m, = 0.0114Wce,. ; : : Gay 


To obtain the effective mass at the wing tip, we have, for unit acceleration at the 
tip, 
Mass element at section »=mldy 
Inertia force due to this =(mldn) f(y) 


Equivalent value at tip =(smldn) f? (4) 
1 


Total for all elements =/ | mf? (y) dy 
0 


1 
=Im, { (n) } dy 


0 
{ (ERY a 


=0.02/ (0.0114Wc,) 


q 
: 
5 
= 
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Equivalent mass of half the fuselage transferred to the tip 
= Mf? (n)\q=0) 
Total equivalent mass at tip (for half-span)= (0.00023 + 0.0001) We, 
=0.00033Wc,/ slugs (59) 
so that finally (c being the damping coefficient) 
/ (2 x 0.00033 pW 


=0.36V /(Wp) : . (60) 
at sea level. 


If V=200 ft./sec.. W=57 l|b./ft.*, p=18 rad./sec. (just under 3 cycles/sec.), 
corresponding to that of an aeroplane of about 150 ft. span, 


c/(2mp)=¢e/ Cerit= 0.36 x 200/(57 x 18)= 0.07. (61) 


Thus the damping is 7 per cent. of critical damping at a speed of 200 ft./sec. 
Being directly proportional to the speed, the damping at speed V=7xV/200= 
21 per cent., for example, at V=600 ft./sec., and at p= 18. 


5. EFFECT OF FREQUENCY ON DAMPING 
A point to note is that as the ratio = is given by 


and as moreover, for any given mode, k is constant, : varies inversely with m. Thus 
the effective damping, i.e. the ratio c/c..i, in the fundamental mode (for example) 
increases as the weight carried decreases. This increase in damping as the weight 
carried by the aeroplane is reduced, helps a little to offset the greater “2” loads 
experienced when the wing loading drops (See Section 4 of this Appendix). 

A further point of interest is that, as between one mode and another with the 
same wing loading, the equivalent mass m is much the same (as shown in Section 4 
of the main paper) for a low frequency mode as for a high frequency. It follows 
that the ratio < tends to vary inversely with the frequency, so that, for example, the 
effective damping in mode (c) of Fig. 2 is nine times less than in the fundamental 
mode (a). 

It is fortunate therefore that, as shown in Appendix II, other considerations 
reduce the importance of the higher modes. 


APPENDIX II 


WHY THE DYNAMIC EFFECTS ARE USUALLY IMPORTANT IN THE 
FUNDAMENTAL MODE ALONE 


There are three main reasons why the dynamic effect, i.e. the presence of inertia 
loads, is only important in the fundamental mode. They are: 


(i) The higher modes have usually too high a frequency for the external 
load to have any effect other than a static one. 


(ii) The static stresses moreover, as already shown in Section 4 of the main 
paper, rapidly diminish as the order of the mode increases, so that the 
extra stresses due to inertia loads tend to be a progressively smaller 
fraction (by (i) above) of a rapidly diminishing quantity. 

(iii) In many cases, of which an aeroplane wing subjected to a gust is a good 
example, the distribution of the load over the structure is such as to be 
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unfavourable to the excitation of the higher modes. This is easily seen 
by considering Fig. 8 which shows the Ist, 2nd, 3rd and 9th mode of the 
beam discussed in Section 2 of the main paper. 


Fig. 8. 


It is clear that a force uniformly distributed over the beam can do no work in 
the 2nd mode (or indeed in any even mode). It can do only a little in mode 3, but 
next to nothing in the 9th mode since only 1/9 of the load has any chance to do 
work, the remaining 8/9 being self-cancelling. 

A gust produces a well distributed force on a wing and therefore produces 
stresses that are small, compared with those produced by the same total force 
applied in a more concentrated form through (say) the undercarriage. In the latter 
case the inertia loads are likely to be appreciable in a few of the higher, as well as 
in the fundamental, modes. 


APPENDIX Ill 
HOW TO DEAL WITH A FREE-FREE SYSTEM 


An elastic system which can only resist a resultant external load and/or couple 
by virtue of its own inertia is a free-free system. An aeroplane in flight presents such 
a system, for a gust or a landing impact are both external forces that are only 
resisted by the inertia of the aeroplane. 

A convenient method of approach in such cases is to divide the external load 
into two systems, which, when added together, give the actual external load. Take, 
for example, the aeroplane structure indicated in Fig. 9 (a), with two wing engines 
each of mass M, and a central fuselage of mass M,, and let it be subjected to an 
upward force P at the fuselage. 

The first system, “A,” is one in which the resultant applied load, i.e. P, is 
spread out over all the masses that together constitute the total mass M of the 
aeroplane, in such a way that the load on every mass is proportional to that mass. 
In other words the load P is applied as an upward “ gravity ” force, so that the load 
on the fuselage, for example, is PM,/M and the load on any small mass m is Pm/M. 
Such a system can produce no stress or deformation of the structure, but merely 
accelerates it bodily upward. Therefore it can be forgotten. 

The second system, “B,” consists of the applied load P plus the first system 
reversed, and is by itself in equilibrium. If P varies with time in any way, the 
reverse loading “A” varies synchronously. System “B” is capable of deforming 
the structure and exciting vibrations in the various natural modes of the wing-fuselage 
system; but it is important to notice that that part of System “B” that is System 
“A” reversed cannot excite any mode and that all the work done in deforming the 
structure is done by the applied load P alone. Thus, in finding the equivalent 
external load at the chosen reference section for any particular mode that is being 
investigated, transference of the actual applied load need alone be considered. 

It may be thought that the foregoing statement in italics needs proof. This 
is simple. 

Figure 10 shows the wing-fuselage system deformed into, for example, its 
fundamental natural mode by loading system “B.” 
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SYSTEM A’ REVERSED 


{ 
PM pm, PM 
M 
(c) 
1ST LOADING SYSTEM SYSTEM 


Fig. 9. 


The work done U, by the gravity type forces of system “A” reversed is 
x=l 
U,=C & my, 
x=0 
where C is independent of x and varies only with time. Since, however, the structure 
is displaced in a normal mode it is known that, when vibrating freely at frequency p, 
the resultant inertia forces must be zero at every moment, or 


x=l 


= mp*y=p*? my=0, 
x=0 x=0 
which shows that U,=0. 


GRAVITY DISTRIBUTED 


(¢) 


Fig. 10. 


APPENDIX IV 


METHOD OF TREATING EXTERNAL LOADS THAT ARE AWKWARD | 


FUNCTIONS OF TIME 


If the time-variation of the applied force is awkward to deal with analytically, 
one way of obtaining the displacement is to consider the uniformly varying force 
as made up of an infinite sequence of elementary impulses. Consider the mass m 
and spring k of Fig. 4 as being sufficiently representative for present purposes. To 
generate a sudden velocity v, while the displacement is still sensibly zero requires an 
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impulse of amount mv, (the momentum generated). If F is the average force during 
the very short time 6¢ that the impulse lasts, 


mv, /St=F : (62) 

or V9 =Foét/m. . (63) 
The displacement at any subsequent moment f is 

x=(v,/p)sin pt. ; . (64) 


FORCE 
F (t) 


TIME 
t 


A force F (t) varying with time as in Fig. 11 can be regarded as an infinite series of 
small impulses F (t) 6t of which one is shown occurring at time t. The displacement 
r, seconds later at time J is then from (64) 


x= (6v/p)sin pt,, P . (65) 
== (dv / p) sin p(T - t) 


The total displacement at time T due to all the elementary impulses between t=0 


and t=T is then 


1 
F (t) sin p(T t) dt. 2 . (67) 
0 


Since the system is linear the separate effects can legitimately be added. This 
integral, if necessary, can be obtained graphically to give x in terms of T. It helps 
matters to express sin p(T - ft) in the form 

(sin pT cos pt — cos pT sin pt) 


for then, during integration, the quantities sin pT and cos pT can be regarded as 
constants, and a graphical integration is straightforward. 


q 
4 
Fig. 11. 
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HE RATE of ice accretion on an aircraft 
depends upon meteorological factors and 
aircraft characteristics. There are on the one 
hand atmospheric pressure and temperature: 
water content; droplet size; electrostatic con- 
ditions. On the other hand, there is the 
collection efficiency made up of aircraft 
component design characteristics such as 
size; shape; material; surface finish. Finally, 
there are aircraft flight variables such as 
speed; attitude; skin temperature; vibratory 
State. 

Meteorologists are able to define potential 
icing intensity if they can forecast the ambient 
factors mentioned. The intensity may be 
defined as light, moderate, or severe, or by 
some such broad adjective, with reference to 
a hypothetical collector. Similarly, the air- 
worthiness authority, e.g. the Air Registra- 
tion Board, must be satisfied that an aircraft 
can be operated safely in the appropriate 
meteorological conditions. Therefore the 
probable association of each meteorological 
factor with the others needs to be known. 


If all of the meteorological factors and all 
of the characteristics relating to a particular 
aircraft component are known, it should be 
possible to calculate what sort of ice will 
tend to form on the component, and at what 
rate; also, the heat required per unit super- 
ficial area to keep the component free of ice, 
or, alternatively, to de-ice it periodically. A 
calculation based on so many variables can 
hardly be a simple one. For this reason, for 
checking purposes, and for the economical 
control of aircraft anti-icing and de-icing 
means, it is probably desirable to equip air- 
craft with direct means of measuring icing 


Paper received May 1951. 


Air Commodore Lucking is Chief Representative 
of the Ministry of Civil Aviation at the Ministry 
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INDICATION, MEASUREMENT AND 
CONTROL OF ICE ACCRETION 


by 


Air Commodore D. F. LUCKING, R.A.F. (Ret’d), F.R.Ae.S. 


severity or, in other words, with ice accretion 
meters. 

If an instrument is to measure virtually 
continuously a real ice accretion rate, and not 


allowed to accrete, is periodically dispersed, 
and again allowed to accrete. Such a meter 
will possess inherent lag, as it will respond to 
an accumulation of ice over a period. The 
lag may either be constant and defined by the 
design of the meter, as in the rotating disc 
meter'*’ seen in the Canadian National 
Research Council’s Rockliffe Ice Wagon, or 
it may decrease with the icing severity, as in 
the projected meters described in outline 
below. The metering surface should have as 
high a collection efficiency as any part of the 
aircraft. 


It is evidently possible to design an ice) 


detector on an aerodynamic basis. In 1935 


the use of two “static plates,” one at each 
end of a pivoted beam, and only one of them 
heated, the angular deflection of the beam 
caused by ice accretion on the unheated end 
being arranged to operate an_ electrical 
indicator. 


In 1946 a proposal for a somewhat similar} 


device was put forward by A. Terry, of the 
Ministry of Supply. This device was based 
on the equal drag, under non-icing conditions, 
of a faired and an unfaired body, the bodies 
being of different sizes to allow for their 
different drag coefficients. Under icing con- 
ditions the built-up ice on the faired body 
caused its drag to outweigh that of the 
unfaired body. The resultant torque was 
measured and related to the atmospheric 
water content and other conditions. 

The Smith Ice Detector also has an aero- 
dynamic basis. In this instrument a_pitot 
leads to a diaphragm chamber having a 
minute air bleed. When the pitot is closed 
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by ice, the pressure in the chamber falls to 
static level and causes a switch to close so 
that the pitot head is heated and a warning 
light comes on. The ice closure in the pitot 
js then dispersed and, in continued icing 
conditions, the cycle is repeated. There 
seems to be no reason why a device based 
on the Smith Ice Detector should not be 
developed to control, through suitable relay 
means, the automatic anti-icing or de-icing 
means of aero-engines and aerofoils. A 


possible disadvantage of the Smith Ice 


Detector is the sensitivity of small apertures 
to dust particles and water droplets borne by 
the air that continuously passes through 
them. 

Some years ago it occurred to the author 


‘that an ice accretion meter might be based 
} on the differential behaviour, aerodynamic or 


otherwise, of two similar bodies, one 
continuously anti-iced and the other inter- 
It seemed that such a 
device might be used as an ice detector, as 


an ice accretion meter, to control automatic- 


ally cyclic de-icing, and perhaps to control 
the heat supply to thermal anti-icing means. 
The differential behaviour might be 
manifested by two similar parts of one body, 
and a cyclic interchange of role between the 
two bodies, or the two parts of one body, 
might be valuable for some applications and 
should not be excluded. 


A provisional application for patent (No. 


4280/50) was filed in February 1950 out- 
‘lining a number of applications of the 


principle already described. An application 


illustrated in the provisional specification 


was a pivoted sharp-edged disc, mounted 
edge-on in an exposed position on an air- 
craft. A light spring tended to maintain the 
disc in a defined orientation. The sides of 
the disc were insulated from each other and 
each was arranged for electric heating. When 
the device was switched “on,” heat was 
supplied continuously to, say, the left side of 
the disc, but only intermittently to the right 
side. Under icing conditions the additional 
drag caused by ice accretion on the right side 
would apply a torque to turn the disc to the 
right and thus close a switch supplying, 
through a relay, heating current to the right 
side, dispersing the ice on it. The disc would 
then return to its former orientation and the 
current to the right side be switched off 
automatically. The disc would thus swing 
tythmically with a fairly constant overall 
period. That is to say, under severe icing 


conditions accretion would be rapid and de- 
icing slow and, under mild icing conditions, 
accretion would be slow and de-icing rapid. 


The indicating, recording, or servo-control 
means associated with the metering device in 
the patent application therefore essentially 
depended upon the mean rate of heat (or 
current) supply to the intermittently heated 
part of the device. For example, servo- 
controls for electro-thermal cyclic de-icing 
could be arranged to respond to the varying 
relation between the accreting and de-icing 
periods, which relation would depend upon 
the mean rate of heat supply to the metering 
device. The disc could be replaced by a 
rod pivoted at mid-length, or by two hinged 
and suitably yoked fingers, or by any similar 
means adapted to electric heating and 
responsive to differential drag. The possible 
advantages of a disc are robustness, and that 
its operation is unlikely to be adversely 
affected by local irregularities of air flow. It 
is also expected that only the forward portion 
of a suitable disc need be exposed. 


Instead of air drag some other physical 
characteristic, such as period of vibration, 
might be used to indicate unilateral or 
asymmetric ice accretion between  con- 
tinuously anti-iced and periodically de-iced 
bodies. In February 1951 the author filed a 
provisional application for patent (No. 
4154/51) for a number of different arrange- 
ments wherein the influence of accreted ice 
on the period of forced vibration of an 
exposed and intermittently heated reed or 
wand, produced a pulse of phase interference 
with the vibration of a similar reed or wand 
that was screened, or continuously heated, 
or with the cyclic frequency of an alternator. 
Such a device could also be used with 
suitable amplifiers and automatic switches to 
operate indicating, recording, or servo- 
control means for anti-icing or de-icing. A 
device based on differential vibration seems 
more promising for high speed aircraft than 
one based on differential drag. It might even 
prove possible, for meteorological purposes, 
to instal at a high altitude ground station, or 
in an aircraft, or radio-sonde balloon, an 
entirely automatic battery of cyclically-heated 
vibrating reeds, in pairs of varying collecting 
efficiences, to record continuously under icing 
conditions both water content and droplet 
size. The collection efficiency of a vibrating 
reed would be difficult to calculate but might 
be found by calibration, both in virtually still 
air and at varying wind tunnel speeds. 
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The use of centrifugal force to amplify the 
consequence of what may be only a small 
mass difference is attractive, and another 
method of using the effect of the differential 
heating of exposed surfaces to measure ice 
accretion rates would be to use the mass of 
accreted ice on the cold side of an asym- 
metrically heated rotating body to produce 
an out-of-balance centrifugal force. For 
example, there might be a miniature wind- 
mill having two integral blades free to move 
in a radial direction, either way, just far 
enough to operate a micro-switch or influence 
a magnetic amplifier, but not far enough to 
produce undue vibration*. One blade 
would be heated at a time and under icing 
conditions the integral pair of blades would 
move radially in the direction of the unheated 
blade and thus operate switching means for 
a cyclic interchange of role between the two 


blades. 

It might be possible to incorporate in the 
boss of the windmill a generator to supply 
the current to heat the blades and also, to 
operate extrinsic relays to control thermal 
anti-icing or de-icing. For research purposes, 
the collection efficiency of the windmill 
blades could be varied by design with the 
intention of making up a set adapted to the 
measurement, after calibration, of water 
content and droplet size. Rotating the 
metering surfaces in this way should help to 
dispose of melt, for which otherwise special 
draining arrangements might have to be 
made, but several considerations would 
necessarily affect the choice of pitch and 
r.p.m. for a given air speed. In this method, 
as in the others suggested, the intention 
would be to use the heat (or current) con- 
sumed to indicate, or record, the rate of ice 
accretion, or to control anti-icing or de-icing 
means. 

For private reasons, and because there 
are so many ways of applying the principle 
advocated, the author has decided to 
abandon the patent applications, although he 
confidently hopes that the ideas behind them 
will prove useful. Indeed, he was recently 
gratified to learn that the Canadian N.R.C. 
team, who were informed in August 1950 of 
the differential drag application, had made a 
lash-up of it that gave promising results in 
the icing wind-tunnel. Copies of the pro- 


*It should be easy to restrict the out-of-balance 
force to that caused by the ice; the blade shift 
could be compensated. 
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visional specifications may be seen by 
application to the Royal Aeronautical 
Society’s Librarian. 

The N.A.C.A. disc ice accretion mete 
used in the Rockcliffe Ice Wagon is a remark. 
able achievement. It automatically record 
on a chart, by means of a feeler and amplify. 
ing devices, the thickness of ice that ha 
accumulated during a part revolution of the 
disc, to about 1/10,000th inch. The ice film 
is scraped off behind the feeler, behind which} 
it again starts to build up. The device i 
possibly less suitable to control thermal anti. 
icing or de-icing means than some such 
device as those the author has suggested, 
One reason for this is that the heat required 
to disperse ice of a given thickness will} 
depend upon what sort of ice it is, whereas 
the author advocates the virtually continuous} 
measurement of the heat required to disperse} 
the ice on a metering surface to determine 
that required for aircraft and aero-engine de. 
icing, as the most direct and economical of 
all possible means of automatic and con} 
tinuous control. On the other hand, ice) 
scrapings are less likely to be troublesome 
to dispose of than melted ice. 


The Rockcliffe Ice Wagon was equipped 
with a whole battery of ingenious research 
instruments to measure droplet size and s 
on, in addition to the rotating disc device 
Progress in combating icing has evidenth 
been much greater in Canada and the Unitec 
States than in Great Britain, mainly becaus: 
of the greater efforts made, but partly becausy 
natural icing conditions are more prevalent 

The author does not wish to comment or 
the respective advantages of anti-icing'* ané 
de-icing’. They depend necessarily on the 
conditions, but it is suggested that it woul 
be premature to conclude that it 1 
economically feasible to maintain all vul 
nerable aircraft surfaces continuously at 
temperature giving immunity from i 
accretion, even when a lavish source of wast 
heat is available. It may well prove to be th 
best solution applicable to turbine engines 
but it is already proving difficult to transfer 
to where it is wanted the amount of hea 
required to keep wing leading edges and s 
on continuously above freezing point, wher 
the ambient temperature is far below it, an¢ 
the installation of combustion heaters in the 
number of locations required for anti-icing 
purposes is unwelcome. 

Some form of automatic control thal 
adjusts itself to the prevailing conditions 1) 
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obviously desirable when cyclic de-icing is 
installed, and should prove an economy 
where continuous anti-icing is installed, not 
only to save fuel and lengthen the life of heat- 
transfer units, but also to prevent as far as 

ssible the runback that is apt to form aft 
of the heated area. It may also prove 
desirable to be able to change in flight the 
setting of the “gearing” between the auto- 
matic control and the anti-icing or de-icing 
means. 


The author has to thank the Ministry of 
Civil Aviation for permission to publish this 
note but he alone is responsible for any 
opinions expressed in it. 
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SECOND ANNUAL REPORT: FOR YEAR ENDED 3lst DEC. 1950 


DURING the year rules for the government of the four Branches were approved by 
the Divisional Council, and issued to the Branches. These rules are uniform 
for the four Branches, subject to minor variations to suit local conditions. 
The Council greatly regrets the departure of one of its active members, Professor 
T. D. J. Leech, who has accepted an appointment in Australia. He has given 
invaluable service to New Zealand in the field of Science, particularly aeronautics, 
which has always commanded his enthusiastic and energetic support as Dean of 
the Faculty of Engineering at Auckland University College during the past ten 
years. He has been primarily responsible for the encouragement of Aeronautical 
research in New Zealand. 
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attendance being 40. 
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Honorary Treasurer: Miss S. Murphy. 

Committee: M. R. Roper (Associate), Sqdn. Ldr. G. C. Ellis, O.B.E. 
(Associate), A. W. N. Kitto (Associate), D. C. Smillie. 
50 During the year Mr. Henwood transferred from the Branch and his duties as 
Secretary were carried on by Mr. Roper. Mr. E. R. McDonald was co-opted as 
an additional member of the committee. 

The Branch membership is 63. During the year 8 meetings and visits were held, 
the average attendance being 24. 


CANTERBURY BRANCH 


Chairman and Council Representative: H. F. T. Adams, M.A., A.M.I.Mech.E. 
(Associate Fellow). 

Honorary Secretary: A. H. T. Brazier (Associate Fellow). 

Honorary Treasurer: F. Brooks (Associate). 

Committee: Professor Rastrick, Sqdn. Ldr. A. Palmer, F. Roper, A. N. Mason, 
R. Griffiths (transferred to Wellington). 

The Branch membership is 31. During the year 10 meetings were held. 


WELLINGTON BRANCH 


’ _ Chairman: K. H. Day. 
Secretary and Corresponding Member: F. J. Steel, D.F.C. (Associate). 
Treasurer: 1. Vigor Brown. 
4 Committee: Group Capt. G. Carter, O.B.E. (Associate Fellow), Wing Cdr. R. J. 
: Gibbs, O.B.E., Sqdn. Ldr. J. D. Robins, D.F.C. (Associate), J. Gamble. 

Five meetings were held during the year, the maximum attendance being 54. 
The membership of the Branch has increased from 111 to 131. 


MEMBERSHIP OF THE DIVISION 


During the year the membership of the New Zealand Division has increased 
considerably. This growth is not completely shown by the membership figures 
because of an appreciable number of members transferred overseas. The number of 
members on the New Zealand Register has been as follows :— 


lst January 1950 lst January 1951 

} Associate Fellows ... 28 Associate Fellows ... 30 
Associates Associates 51 

Graduates Graduates wu 

Companion 1 Companion _... 
79 88 

FINANCES 


As shown by the Financial Statement, the expenses of the Division have not 
been great and the financial position is healthy. 


3 
LECTURES 
, The list of papers and lectures given throughout the Branches during the year 
is as follows. Some of these have been given at more than one branch. 

Bird Flight, H. Adams. 

The Use of Aircraft Materials in New Zealand, A. Brazier. 

Talk and Demonstrations of Material Testing, F. Roper. 

Engine Overhaul and Testing in New Zealand, R. Tucker. 

Aviation in Other Parts of the World, K. Day (Vacuum Oil Company). 

Accident Investigation and Prevention, B. Cornthwaite (Air Department). 

Some Current Problems in Development of Gas Turbines, F. F. J. Butler (Civil 
Aviation Branch). 
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Symposium, Aerial Top-dressing, Dr. M. M. Burns (Director, Fertiliser 
Research Association), Fit. Lt. J. Stephenson (Defence Science Corps), A. E. Vause 
(Aircraft Service Ltd.). 

An Introduction to the Aerodynamics of High Speeds, Professor T. D. J. 
Leech. 

Some Economic Aspects of International Civil Aviation, G. N. Roberts (Tasman 
Empire Airways Ltd.). 

Problems in Stressed Skin Structures, D. Campbell Allen (Auckland University 
College). 

Radio and Radar Aids to Navigation, R. J. Dippy (Civil Aviation Branch). 

Short Papers: International Airports as related to New Zealand Conditions, 
D. A. Patterson (N.A.C.) and Impressions of England, Capt. C. J. Le Couteur 
(T.EA.L.). 

Some Current Problems in Aviation Medicine, Group Capt. P. B. Lee Potter. 

Impressions of the $.B.A.C. Show, J. Kerr (de Havilland Aircraft Co.). 

In addition a number of films were shown at meetings and there were also a 
number of general discussions. 

Early in the year the Division sponsored a display of aerial top dressing at the 
Science Exhibition organised in the Town Hall by the Royal Society of New Zealand 
with allied scientific bodies associated with it. The main theme of this exhibition 
was science and food and the Division is greatly indebted to volunteers for the work 
put into preparing this display, largely by members of the staff of the Civil Aviation 
Branch. 


DIVISIONAL COUNCIL 1950-51 


G. N. Roberts (Auckland), A. W. Dingle (Palmerston North), H. F. T. Adams 
(Canterbury), Sir Arthur Nevill, Group Capt. Carter, Sqdn. Leader Robins, T. T. N. 
Coleridge, E. A. Gibson, I. A. Scott, F. F. J. Butler, A. H. T. Brazier. 


ROYAL AERONAUTICAL SOCIETY—NEW ZEALAND DIVISION 
STATEMENT OF RECEIPTS AND PAYMENTS FOR PERIOD 
Ist JANUARY 1950 TO 31st DECEMBER 1950 


Receipts Payments 
Balance at 1/1/50 Catering ... 
(a) National Bank of Envelopes and Stationery 2 
New Zealand Postage Stamps uw £3 4 
(b) Petty Cash 2 Telegrams 
Subscriptions and Entrance Donation ... se 11 0 
Bank Charges 10 0 


Balance at 31/12/50 
(a) National Bank of 
(b) Petty Cash on Hand 1 0 6 


£330 16 10 £330 16 10 


I have audited the accounts of the Royal Aeronautical Society (New 
Zealand Division) and the above is a true and correct statement of 
receipts and payments recorded. I have not checked the amount of 
ee due to the Society as a Register of Members was not 
available. 


(Signed) B. W. J. Hoult 
B. Com. A.R.A.N.Z. 
13th March 1951 Honorary Auditor 
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PRESIDENTIAL ADDRESS 


The following address on “Some General Observations of Concern to New 
Zealand in the Development of Aviation” was given by Air Vice-Marshal Sir Arthur 
Nevill, K.B.E., C.B.E., B.Sc., A.F.R.Ae.S., following the Annual General Meeting on 
13th March 1950. 

The annual address before the New Zealand Division of the Royal Aeronautical 
Society must necessarily be of a general nature. It should preferably be concerned 
with aeronautics, as distinct from aviation, but in the technical field our progress is 
distinctly limited and I am forced to deal with the wider field of aviation. 

I propose therefore to make some general observations of particular concern to 
New Zealand in the long-term planning of aviation. This is not a talk on military 
defence. It is rather a plea for the support of aviation in this country as a matter of 
long-term national survival. The “ Air Power” of the Western World is our chief 
shield against aggression. In general, scientific and technological superiority is our 
only answer to the manpower shortage in the Western World. 

From the long-term point of view Australia and New Zealand are in an even 
worse position than other countries of the free democratic world. Mr. Toynbee, a 
prominent English historian, has referred to “the outlying and precarious footholds 
of the Western World in South Africa, Australia and New Zealand.” A world 
authority on population, Dr. Warren Thompson, said two years ago that only an 
Australian population of 30 million and a New Zealand population of 7 million 
within 25 years would make them safe. This objective is quite unattainable and, 
I think, over-pessimistic. Bearing in mind the military factors involved, I should 
feel that a total of 25 million white population in the South Pacific (say 20 million 
Australia and 5 million New Zealand) should provide a reasonable basis for security, 
provided that the population is highly advanced in science and technology. This is 
where the shoe pinches. Compared with other white populations we are primarily 
food-producing areas and not highly industrialised. We are faced therefore with two 
problems: an increase in population and a build up of our scientific and technological 
“know how” to the extent to which we can harness science to our peace-time 
economy to increase our security. In particular any application of aviation to the 
solution of these problems, such as the use of New Zealand aircraft to speed up the 
flow of immigrants, and for aerial works of value to our economy, will greatly increase 
our readiness for war. Such things, however, require far-seeing and intelligent 
direction over a period of decades by the Governments of the day and the 
Departments of State concerned. 

In other words, Australia and New Zealand require a common National Air 
Policy embracing the Air Force, Civil Aviation, Industry and Education. This 
build-up of air power is a long-term problem of a national character transcending 
politics and economics. It means the close association of these two countries in the 
development of aviation, particularly with regard to the aircraft industry and 
aeronautical research. This policy of Government support in all fields of aviation is 
amply demonstrated by a study of Air Force budgets overseas, and the type of 
assistance given to the aircraft industry, to research, operating airlines and the 
ground organisation involved. The picture is clearly disclosed in the “Report of 
the President’s Air Policy Commission” published over two years ago and on sale 
to the world for 75 cents a copy. It is entitled “Survival in the Air Age” and is 
compiled by five prominent civilians with little knowledge and no bias towards 
aviation. It deserves the closest study by all concerned with defence and aviation. 

There is much popular misconception about “Air Power.” Many think of it 
only in connection with the Armed Forces. The enduring features of air power are 
by no means represented only by the number of combat aircraft in the Air Force. 
It is of much wider significance to the national life. In this respect it is similar to 
Naval Power which rests on the seafaring activities of the people, the ship building 
industry and the mercantile marine. Air Power is similarly a measure of everything 
that flies and of everything that contributes to all that flies. Its basic elements fall 
into two general classes. The first of these determines roughly the usable air power 
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of a nation or a group of nations over a longer period. In the first class are the 
visible national assets such as, the aeronautical industry; the aeronautical facilities— 
airports, repair and maintenance, radio, meteorology and air navigation facilities; 
civil aviation and military aviation. 

These are merely evidence of the status of aviation at any one time, and if 
they are to prove a worthwhile asset in terms of national economy and security, 
they must be built on sure foundations. The foundations of air power which 
constitute the air potential of a nation, or a group of nations, rest on deeper con- 
siderations; such as geography, natural resources, population, industrial development 
and Government policy. It is on the correct analysis of these factors—on our 
strength and weakness in terms of potential air power—that our national Air Policy 
should rest. I do not propose to examine these considerations any further, except 
to make the obvious comment “that New Zealand industry is quite unlikely in the 
future to be self-contained in the field of aircraft manufacture. In this vital element 
of air power we should support and supplement the Australian aircraft industry.” 

It is clear from the foregoing that military and civil aviation are basically 
indivisible, in that they both spring from the same sources. It would be impossible 
to maintain with any economy or efficiency an Air Force in peace time without civil 
aviation. Industry, commercial aviation, private flying and the network of ground 
facilities are all vital to the Air Force. Within certain limits the most practicable, 
and certainly the most economical, means of increasing potential air power is by 
the development of every form of productive aviation. In fact, I should go further to 
say that the extent of the civil aviation activities in peace time is a major factor 
governing the size of the Air Force, in that recruiting is greatly facilitated if career 
prospects exist outside the Service. 

Let us examine briefly the position in New Zealand today. It must be 
appreciated that civil aviation has grown out of the war. As a “war asset” it is 
returning a far greater value than any other. The bulk of the personnel are war 
trained; the aircraft are still mainly ex-Service transport types, and most of the 
aerodromes were established to meet Air Force requirements in war. The post-war 
period of consolidation and development naturally has been most difficult both for 
the Air Force and civil aviation. Nevertheless, the National Airways Corporation 
has passed through this period with great credit and small financial loss. Its record 
compares favourably with that of any other major internal airline. Passenger figures 
are satisfactorily related to aircraft capacity, although there is considerable scope 
for expansion when the ground facilities permit economical operation. It is 
interesting to note in the annual Departmental report, the very high percentage of 
the public taking air journeys compared with the figures elsewhere. I do not regard 
air journeys, however, as being a satisfactory index of public favour in a country of 
such short airline distances as New Zealand. There are today very healthy 
indications of enterprise and initiative in the field of aerial work. The figures 
recently quoted by the Minister of 16,000 tons of superphosphates dropped in nine 
months by 50/70 light aircraft, is a most encouraging approach to a problem of 
great magnitude and importance to New Zealand and aviation. 

A complete survey of the aviation picture shows that we are primarily a “ user” 
country, making a negligible contribution in the field of manufacture and research, 
and suffering from a serious shortage of scientists and technicians. I doubt if there 
is any country in the world with more aviation per capita and less technical back- 
ground. This might be acceptable in a world of free trade private enterprise and 
absolute security, but it is unsafe today. Even ignoring these factors, the extent and 
variety of aviation in New Zealand calls for a small research and development 
organisation. Apart from motives of self-interest, we have undertaken, as part of a 
Commonwealth plan, to contribute to aeronautical research, which is an added 
reason for some effort in this field. 

Similarly, with manufacture there should be more capacity to help ourselves, at 
least with regard to assembly and modification of airframes and associated equip- 
ment, especially electronic equipment. The future should see a steady build up in 
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self-sufficiency of Australia and New Zealand in this field. It is a matter of Govern- 
ment policy in Australia which is being energetically pursued. 

The Western World is facing an acute shortage of scientifically trained man- 
power. Science is presenting us with equipment which we do not know how to use. 
| doubt whether our educationalists have caught up with the needs of this 
technological age. Many of you have no doubt examined the Report prepared in 
1949 on the Education, Training and Supply of Professional Engineers in New 
Zealand. I would regard it as conservative in the light of the pressing needs facing 
us today. But it is an excellent report which should be implemented as rapidly as 

ossible. 

. Aviation is so commonplace that most people overlook the over-riding part 
played by the Government. The airline operator and the private flyer are merely 
the end product of Government policy. The national network of airports, navigation 
aids, communication facilities, and meteorology, must necessarily be provided and 
controlled by Government, preferably through a single Department of State. These 
are essentially matters for long-term planning. In building up a key plan in this 
small country, I would most strongly urge vision in the matter of airports. Unless 
we look 50 years ahead we are bound to be increasingly embarrassed. In this con- 
nection, I suggest that the most important factor is the proximity of airports to the 
centres which they serve, or will serve. New Zealand is a country of short airline 
distances, from which follow two important considerations. In the first place, the 
benefits of aviation will never be realised if the public have to spend twice as long 
on the ground as in the air. Secondly, traffic densities must be much heavier, which 
means that route and terminal congestion is bound to become a serious problem 
demanding every possible scientific aid to ensure safety, reliability and maximum 
utilization of airports. 

I wish to make a final remark about aerial top-dressing and farmer services in 
general. I am sure there is a great task to be done in this country. The very 
reasonable prospect in this hungry and envious world of greatly increasing our 
productivity, which establishes our moral right to stay here, and which increases 
the population we can carry without sacrificing our standards, and not least of 
all, increases our security—these things should surely justify universal support. The 
task again requires extensive planning if it is to be carried out on a worthwhile scale. 
It calls in the initial stages for heavy capital expenditure and the use of both heavy 
and light aircraft. There are plenty of difficulties and I am sure that they will all 
be pointed out, but the prize is a glittering one to those who value the future welfare 
of this country. 

To summarise briefly: we know that military aviation is essential to our 
security. We must recognise that it cannot be maintained except on a purely 
artificial, insecure and expensive basis without a virile civil aviation. The latter can 
make a great contribution to our national economy in peace time. 

Our consistent policy should be to encourage the application of aviation to our 
economy, employing our own nationals and aircraft, and at the same time, develop- 
ing in conjunction with Australia the necessary degree of self-sufficiency to carry us 
through the breakers ahead. 
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FOUNDATIONS OF AERODYNAMICS. A. M. Kuethe and J. D. Schetzer. John Wiley & 
Sons Inc., New York. Chapman & Hall Ltd., London. 1950. 374 pp. 
Illustrated. Index. $5.50, 46s. net. 


Such great strides have been made in the last decade in the fundamentals of 
aerodynamics—mainly concerning the flow of compressible fluids—that a good text- 
book covering the whole field will be welcomed. Messrs. Kuethe and Schetzer, 
Professor and Associate Professor respectively, at the University of Michigan, have 
written such a book and it fulfils its purpose admirably. 

The book is divided into three, almost equal, parts devoted to the flow of (i) the 
perfect fluid; that is, one that is incompressible and inviscid, (ii) a compressible but 
inviscid fluid, and (iii) a viscous but incompressible fluid. The authors make clear 
the limitations of the classical aerodynamics derived from considerations of the 
perfect fluid and show that, by abandoning the assumptions one by one, the flow 
characteristics at high Mach number and those in boundary layers and wakes can 
separately be predicted. A chapter is added on the interaction of viscous and com- | 
pressibility effects, and a final chapter sums up wing characteristics and the effect on |} 64 
them of Mach and Reynolds numbers. 

Although no previous knowledge of aerodynamics is required of the reader, a 
graduate standard of physics and of mathematics is assumed. In spite of the 
mathematical approach the authors are at pains to explain the physical significance 
of every result obtained and have been very successful in doing so. Whenever an . 
example is needed to illustrate the argument one has been inserted in the text, and J 
some hundred more are added at the end of the book. The text has been used in 
America as the basis of a one year post-graduate course for specialists in engineering, 
mathematics or physics. 

There are many in this country now who are taking up aeronautical work 
without having had a grounding in the foundations of aerodynamics. For them this N 
book gives an admirable introduction to the complex and specialised problems facing 
us today. There are also many aerodynamicists who have become specialists in one 
branch of their subject and who have been unable to keep abreast of developments 
in other branches. For them, too, this review of the fundamentals will be found 
stimulating. 

It is pleasing to find that the authors are not unaware of the many fundamental 
contributions made to aerodynamic theory by the British. References to original 
work are given in footnotes and include many to British papers and at least one to 
an A.R.C. report not generally available over here. The terminology and notation 
are very similar to those used in this country except that temperatures are quoted in 
“ degrees Rankine ” (that is, Fahrenheit Absolute). We can hardly claim consistency 
on this side of the Atlantic since we use “degrees Kelvin” in most of our scientific 
work while allowing the meteorologists and doctors to use “degrees Fahrenheit.” 
Nevertheless “degrees Rankine” will be unfamiliar to many and it is a relief to find c 
that the equations involve mainly the “relative absolute temperature” which is the b 
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same in any language. 
The book sums up the fundamentals of aerodynamics of the homogeneous fluids 
in which we now fly. The authors warn us, however, that at great altitudes the 


assumption of homogeneity is not justified, but at present do not go beyond giving te 
a table of the properties of the atmosphere up to 250,000 ft. b 
P 
AIR SYSTEMS FOR AIRCRAFT. C. A. H. Pollitt. Pitmans. London. 1950. 176 pp. a 
93 illustrations. Index. 25s. net. p 
It is unfortunate that the fly-sheet describes this book as up-to-date and suggests n 
that it will be of considerable value to students of aircraft design. Many of the 
units described have been obsolete for ten years or more and current practice is p 
barely hinted at. The one redeeming feature of the book is that the author gratefully fi 
acknowledges the assistance of a number of firms, without whose aid the book could c 
not have been written. It appears that none of the illustrations and little of the 0 
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subject matter is original, large parts being taken from catalogues, brochures and 
Air Publications. 

The book is divided into sections dealing with the systems and units of various 
manufacturers and there is no critical appraisal of the systems described. The text 
is more suited to a maintenance manual than to a serious work on an important 
subject, a mass of descriptive detail tending to obscure the main issues. For 
example, a spring washer under a screw is mentioned but there is no reference to 
pipes, nor any hint as to how their sizes are mentioned. Vital components such as 
sealing devices and valve seats are not described and there is not even a circuit 
diagram for a typical aircraft pneumatic system. This tendency characterises the 
book and greatly detracts from its value. 

Chapters are devoted to pneumatic gun firing equipment and the B.T.H.— 
Hertzmark Compressor; these are of historical interest. Low pressure rotary air 
pumps are mentioned but apart from a brief reference in the introduction there is no 
indication of their use. A section is devoted to air conditioning and cabin heating 
systems. This subject alone would merit a full-length book and the treatment here 
is necessarily sketchy. It is based largely on American practice. In this, as in other 
sections, the student will search in vain for guidance as to which system to adopt and 
when. The last chapter, however, does give some data on the characteristics of 
metal bellows which may be of use to a designer, but here again the source is 
American and the applicability is limited. 

The standard of printing, paper and illustrations is good but this alone does not 
justify the price. The reader has a right to expect an answer to the question, “ Why 
pneumatics?” This book says much but leaves most unsaid and the Industry 
awaits an authoritative work on the subject of aircraft pneumatics, or at least an 
accurate and comprehensive guide to modern practice. 


NEWNES ENGINEER’S REFERENCE Book. Edited by F. J. Camm. George Newnes 
Ltd. London. 1951. (Fourth Edition.) 1,727 pp. Illustrations. Index. 
50s. net. 


A fourth edition of this well known reference book, first published in 1946, is 
now available. Some 120 pages of new material have been added at the end of the 
book, but otherwise there are few changes from the previous edition. The volume 
has not quite reached the “over 1,800 pages” claimed on the dust cover. Even so, 
with over 1,700 it is quite a massive work and no doubt Mr. Camm’s main problem 
has been to keep it within manageable proportions. Data appertaining to mechanical 
engineering are almost without limit, so there must be an embarrassingly large 
number of items competing for inclusion. 

The whole volume bears evidence of much care and thought in its compilation, 
and it is no mean achievement to bring so much useful information under one cover. 
The book begins with summaries of elementary physics, mechanics and mathematics, 
concluding with the usual tables. Then follows a chapter on drawing office practice 
based largely on British Standard Specification 308. The next chapter, “Patent 
Designs and Trade Marks,” seems rather out of its place, as does the following, 
“Machine Knobs and Handles.” 

After a few formule for the bending stresses in simple beams, the book goes on 
te deal with the commoner mechanical engineering elements—plain, ball and roller 
bearings, springs, couplings, keys and keyways, toothed gearing and screwed threads. 
Principles, applications, manufacture and inspection are described in a clear manner 
and numerous tables give all relevant information on standard ranges. Nearly 200 
pages are given to the subject of screw threads alone, the section on the gauging and 
measuring of these being particularly informative and interesting. 

The next part of the book describes the usual machine tools—lathes, drilling, 
planing, shaping, milling machines, presses, sheet metal manipulating machines, etc. 
In these days of limited shops experience both as regards time and vatiety, these 
chapters contribute much to an appreciation of manufacturing methods and the scope 
of the various equipment. 
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A hundred pages on metals and their production and finishing, provides the 
novice with a useful introduction to the science of metallurgy. There is also a 
chapter on plastics, a material which is finding increasing application in the industrial 
sphere. 

Further sections deal with factory services, production control, works cost 
accounting and the like. The chapter on quality control, though primarily a matter 
for Inspection, is of obvious interest to all design personnel. 

The new sections already mentioned mainly consist of tables and call for little 
comment. 

This book, which is clearly printed and well bound, should be studied by aircraft 
design personnel, including the specialist whose narrow field too often causes him to 
lose sight of more practical issues. 


ALUMINIUM AND ALUMINIUM ALLOoy SECTIONS. British Standards Specification. 
B.S.1161 : 1951. 5s. net. 


This recent publication of the British Standards Institution contains tables of 
areas, centres of gravity, moments of inertia, radii of gyration, moduli of sections 
and weights of equal and unequal angle sections over a large range of sizes. Similar 
information is also given for channel, I and Tee sections. 

B.S.1161 is a revision of a standard first published in 1944, and it has now 
been extended to cover additional sizes of aluminium alloy sections and to include 
sections made for incorporation in designs. 


The sections covered are as follows :— 


Equal angle jin. x }in.to 9in. x 9in. 
Unequal angle 14in.x1 in.to12in. x 6in. 
Channel 3 in. x 14in. to 12 in. x 4 in. 
I 3 in. x 14 in. to 12 in. x 6in. 
Tee 1 in.x1 in.to 9in. x9 in. 
CORRESPONDENCE 


CLEAR AIR TURBULENCE 


In his reply to the discussion on his paper, “Clear Air Turbulence over 
Europe” (JouRNAL April 1951), Dr. Hislop said (p. 224) that the evidence of an 
upper air observation at Downham Market in East Anglia need not necessarily 
apply to Heligoland, 300 miles distant. This is certainly true. Upper air observations 
were available from North West Germany, however, as is stated in the paper quoted 
by Dr. Hislop as his reference No. 13. The wind observations made with British 
equipment at Jever (35-40 miles from Heligoland) and Schleswig (70 miles from 
Heligoland) and within 3? hour of the reported turbulence incident (Flight VR 27), 
showed conclusively that shear in the vertical, measured over a depth of a few 
thousand feet, was small; in fact the wind above Heligoland between 30,000 and 
40,000 ft. was probably less than 15 knots at the time of the B.E.A. flight. 

J. K. Bannon 


Quoting from “ The Sun, the Stars and the Universe ” (Dr. W. M. Smart, M.A., 
Professor of Astronomy, Glasgow), it is apparent that periodically the earth in its 
orbit encounters meteor swarms. There are several meteor swarms, one of which, 
for example, the “Leonid” shower has a period of 33 years, occurring 
14th November. 

It is estimated that during maximum intensity the earth nets meteors at the rate 
of 75,000 per hour. The majority burn up in transit through the atmosphere. 

Those that get through will be of fair mass. 

A rough estimate gives meteor speeds up to 25 miles per second. 

May I suggest a relationship with the clear air turbulence investigated by 
Dr. G. S. Hislop (JouRNAL April 1951). Thomas David. Associate 
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